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ABSTRACT

The Role of Ammonia in Reproductive Inefficiency in High-Producing Dairy Cows
Fed Excess Rumen Degraded Protein

by

Douglas Scott Hammon, Doctor of Philosophy
Utah State Uni versity, 1998

Major Professor: G. Reed Holyoak, DVM , PhD
Department: Animal , Dairy, and Veterinary Sciences

The role of ammonia in reproductive inefficiency in early lactation dairy cows was
studied in a series of experiments designed to determine the concentrations of ammonia
in normal bovine follicular fluid (bFF), to determine the effects of ammonia on the
bovine embryo during specific stages of development, and to test the hypothesis that
elevated plasma urea nitrogen concentration is associated with elevated ammonia and
urea nitrogen concentrations in the reproductive fluids.
In the first study, ammonia concentration in different size follicles and the effect of
ammonia during in vitro maturation on embryo development were determined. Ammonia
concentration in the bFF was significantly different (P < 0.001) between each follicle si ze

(< I mm, 2-4 mm, 5-8 mm, and > l 0 mm) and ammonia concentration decreased as
follicle size increased. There was no difference (P > 0.05) in cleavage rates, morula
development, and blastocyst development when oocytes were exposed to various
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concentrations of ammonia during in vitro maturation.
In the second study, the effects of addition of ammonia in the media during in vitro
fertilization (IVF), culture (IVC), and throughout maturation (IVM), IVF, and IVC were
evaluated. Addition of moderate concentrations of ammonia to IVF media resulted in a
significant (P < 0.05) increase in embryos that developed to blastocysts and to expanding
and hatching blastocysts. Ammonia in the JVC media significantly (P < 0.05) increased
the proportion of degenerate ova and significantly (P < 0.05) decreased the proportion of
ova that developed to blastocysts. When exposed to ammonia throughout IVM, IVF, and
IVC, ova developing to morulae was significantly (P < 0.05) higher in media containing
moderate concentrations of ammonia compared to control.
In the third study, plasma urea nitrogen (PUN) concentrations were related to
follicular and uterine fluid ammonia and urea concentrations in early lactation dairy cows.
Mean PUN concentrations were used to distribute the cows into two groups: I) cows with
PUN

~

20 mg/dl (HPUN), and 2) cows with PUN < 20 mg/dl (LPUN). Follicular fluid

ammonia and follicular fluid urea were significantly (P < 0.01) higher in HPUN cows
compared to LPUN cows. Uterine fluid ammonia concentration was significantly (P =
0.05) higher in HPUN cows than in LPUN cows during the luteal phase, but not during
the estrus phase of the estrous cycle, but not on Day 0. Uterine fluid urea nitrogen
concentrations were significantly (P < 0.00 I) higher in HPUN cows than in LPUN cows
during both the luteal and estrus phases.
(144 pages)
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CHAPTER l
INTRODUCTION AND LITERATURE REVIEW

l. Introduction

Dairy cattle play an important role in world agriculture by providing milk, meat,
and dairy products to feed the growing population. In order to maximize milk
production, dairy cows must calve at regular intervals. This requires them to be bred and
conceive within a constrained period of time following parturition. Therefore,
maximizing reproductive efficiency is essential for optimum milk production in dairy
cows.
Decreased reproductive efficiency has been observed in lactating dairy cows fed
excess dietary protein for nearly two decades (Jordan and Swanson, 1979a, 1979b). A
review by Ferguson and Chalupa (1989) on the effects of dietary protein consumption on
reproductive efficiency in lactating dairy cows concluded that excess rumen degraded
protein consumption is associated with decreased reproductive efficiency. The results of
several studies (Bruckental et al. , 1989; Butler et al. , 1996; Canfield et al., 1990; Elrod
and Butler, 1993 ; Ferguson et al., 1988; Jordan et al. , 1979b; Larson et al., 1997; Sklan &
Tinsky, 1993) aimed at determining the effects of protein consumption on fertility and
embryo quality in lactating dairy cows have led to the hypothesis that protein degradation
products, such as ammonia or some other nitrogenous compounds, may be toxic to
bovine embryos or gametes, resulting in decreased reproductive efficiency. This
hypothesis has not been tested and has languished for nearly two decades. To date, there
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are no reports of ammonia concentrations in the reprod ucti ve fluids of lactating dairy
cows, nor are there reports on the effects of ammonia on preimplantation bovine embryo
deve lopment.

2. Literature review
2.1 . Basic reproductive anatomy oj1he cow

The female reproducti ve organs are responsible for the production of germ inal cell s,
capacitation of sperm, and transport of female and male gametes for fertilization. They
also provide a suitable environment for nourishment and protection of the developing
embryo. Therefore, a discussion of the reproductive tract anatomy of the cow is basic to
an understanding of the interactions between protein nutrition and reproduction.
The reproductive organs of the cow include the ovaries, oviducts, uterus, cervix
uteri , vagina, and external genital ia. These internal genitalia are supported in the
abdomen by the broad ligament which consists of the mesovarium, supporting the
ovaries, the mesosalpinx, supporting the oviducts, and the mesometrium, supporting the
uterus.
The ovaries of the cow are firm , oval, laterally flattened , approximately 4 em in
length, 2 em in width, and 2 em thick, and weigh approximately 15 to 19 gms each
(Nickel et al. , 1979). The surface of the ovary is nodular as a result of protruding follicles
with a diameter of up to 2.5 em, corpora lutea with a diameter up to 3 em , and corpora
albicans. These ovarian structures can be identified with a degree of certainty on
examination by transrectal palpation as they protrude from the surface of the ovary. As
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the preovulatory follicle increases in diameter. the ovary becomes increasing turgid when
examined per rectum.
The ovaries of the cows are located in the sublumbar area at the lateral margins of
the pelvic inlet, caudolateral to the kidneys, near the internal inguinal rings. They are
supported by the cranial aspect of the broad ligament, also known as the mesovarium.
The tubal pole (extremitas tubaria) of the ovary, the end of the ovary associated with the
uterine tube, is attached to the ipsilateral uterine horn by the proper ligament o f the ovary
(Nickel eta!., 1979). The ovary is divided into an outer cortex and an inner medulla. The
cortex is the broad outer zone containing the ovarian follicles in various stages of
development and the corpora lutea. The ovary is covered by low cuboidal epithelium.
The stroma of the cortex is composed of loose connective ti ssue which is disrupted by
growth of ovarian follicles and corpora lutea. Smooth muscle cells are abundant in the
ovarian cortex, especially in the perifollicular area. These smooth muscle ce lls contain
cho linergic receptors and may mediate contraction of the ovulatory fo llicles, thus
functioning in ovulation (Priedkalns, 1993). The stromal connective tissue may become
inconspicuous during increased ovarian activity. The medulla is the inner area of the
ovary and contains nerves, blood vessels, and lymph vessels. The medullary stroma is
composed of loose connective tissue and smooth muscle fibers that are continuous with
the smooth muscle fibers of the mesovarium . The retia ovarii, which are prominent in
ruminants, are located in the medulla and are networks of irregular channels lined by a
cuboidal epithelium (Priedkalns, 1993).
Ovari an follicles develop during feta l li fe in some species (e.g., primates,
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ruminants) and short ly after birth in others (e.g. , rodents, rabbits, dogs) (Fortune, I 994;
Priedkalns, I 993). The primordial (uni lami nar. preantral, resting) follicl e is the quiescent
stage of follicular development. The bovine ovary contains a poo l of approximate ly
I 20,000 to 150,000 primordial follicles at birth (Adams, I 994). In the ovary of the

mature mammal, follicles in several developmental stages can be identified.
The primordial follicle is composed of a primary oocyte, which is approximate ly 20
11m in diameter, surrounded by a single layer of flattened granulosa cells. The primordial
fo llicle is approximately 40 11m in diameter (Braw-Tal and Yossefi , I 997 ; Priedkalns,
I 993). The primary oocyte begi ns prophase of the first meiotic division where meiosis is

arrested until the time of ovulation following puberty.
The primary (unilaminar, preantral , growing) follicle, which is 40 to 80 11m in
diameter, is composed of a primary oocyte surrounded by a single layer of cuboidal
granulosa cells (Braw-Tal and Yossefi, I 997). As the granulosa cells proliferate to form
multiple layers, they are referred to as cumulus cells. The role of the cumulus cells is to
provide nutriment to the growing oocyte, to participate in formati on of the zona pellucida,
and to synthesize the matrix composed of hyaluronate and proteins, which function in
oviductal transport and sperm binding (Sirard and Blondin, 1996).
Secondary (multilaminar, preantral, growing) follicles are composed of a primary
oocyte, which is approximately 80 11m in diameter, surrounded by two to six layers of
cuboidal granulosa (cumulus) cells (Priedkalns, 1993). The secondary follicle is 100 to
250 11m in diameter (Braw-Tal and Yossefi, I 997). During the later stage of development
of the secondary follicle , the granulosa cells secrete a layer of glycoprotein layer 3- to 5-
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f.lm thick to form the zona pellucida around the oocyte plasma membrane. Also during
the later stages of secondary fo llicul ar development, a vascular, multilayer of spind leshaped theca cel ls develops around the granulosa cells of the follicu lar wall (Priedkalns,
1993).
Tertiary (multilaminar, antral, growing) follic les, also termed graafian fo lli cles,
which are up to 3 mm in diameter, are composed of a primary oocyte surrounded by 6 to
15 layers of cumulus cells (Hytel et al., 1997). The cumulus cell s are composed of the
corona radiata (i.e. , the layers of cumul us ce ll s closest to the oocyte), which maintain
close contact the oocyte using cytoplasmic extensions across the zona pellucida, and the
outer cumulus, which communicates with the corona through gap junctions (GrazulBilska et al. , 1997; Sirard and Blondin, 1996). The primary oocyte of the tertiary follicle
is 150 to 300 f.lm in diameter. As development of the tertiary fo llicle continues, the
antrum enlarges through the accumulation of liqo ur folliculi (follicular fluid). Just prior
to ovulation, the mature or preovulatory fo llicle develops. The preovulatory follicle
continues to enlarged through the accumulation of fo llicular fluid in the antrum to reach a
d iameter of > 15 mm prior to ovulation. Resumption of meiosis (completion of the first
division) and final maturation of the oocyte occurs, giving rise to a secondary oocyte and
the first polar body just prior to ovulation (Hytel et al. , 1997).
Gap junctions appear to be important in the development of ovarian fo llicles by
regulating the transfer ofmicromolecules (< 1 kDa) between ovarian cells (Grazui -Bil ska
et al., 1997; Sirard and Blondin, 1996). They are responsible for intercellular
communication and electrical coupling between granulosa cells and theca cells. These
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gap junctions are also involved in the se lective passage of ions from the blood plasma to
the follicular fluid. Some knowledge of gap junctions and their functions in the ovary is
basic to an understanding of the formation of follicular fluid, transport of nutrients and
ions between ovarian cells, and folliculogenesis. Therefore, a brief review of gap
junctions in the ovary will be presented here.
Gap junctions are abundant on granulosa cells, covering about 20% of their cell
surface. In contrast, luteal cells contain few gap junctions (Grazui-Bilska et al. , 1997).
Gap junctions appear to function in exchange of nutrients, ions, and low molecular
weight molecules between granulosa cells (Gilula et al., 1978). However, gap junctions
do not appear to function in ion exchange between luteal cells, but do allow exchange of
nutrients between these cells (Higuchi et al., 1976). Gap junctions are also involved m
regulation of meiotic differentiation and maturation of the oocyte during follicular
development. They are also involved in interactions between steroid producing cells
during growth, differentiation, and regression of the CL (Grazul-Bilska et al., 1997).
Furthermore, they appear to be the only mechanism for transfer of nutrients between
granulosa cells, or from plasma to the follicular fluid , as the granulosa layer is avascular
(Hirshfield et al., 1991 ).
The presence of a blood-follicle barrier, which acts as a molecular sieve, has been
demonstrated in several studies (Cran et al., 1976; Hess et al., 1998; Shalgi et al. , 1973;
Zachariae, 1958). The blood-follicle barrier regulates the passage of macromolecules
from the plasma to the follicular fluid and is both size and charge selective (Hess et al. ,
1998). The blood-follicle barrier, therefore, functions in regulation of the biochemical
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makeup of fo llicular fluid . However, reports on the chemical composi tion of follicular
fluid are limited (Chang et al. , 1976; Edwards, 1974; Hess et al. , 1998 ; Wise, 1987).
Fo llicular fluid originates from plasma by transudation and accumu lates in the
antrum of the follicle and is modified by the metabolic activity of the fo lli cle (Hafe z,
1993a). Hafez ( 1993a) states that most of the biochemical compounds (i.e., proteins,
amino acids, enzymes, carbohydrates, glycoproteins, minerals, and electrolytes) of
biological significance are at concentrations similar to plasma. However, a study by Wise
( 1987) looking at the biochemical composition o f bovine fo llicular fluid from foll icles of
vario us size determined that some enzymes (i.e. , alkaline phosphatase, lactate
dehydrogenase), albumin, total protein, and some electrolytes (i.e., sodium, magnesium,
potassium , and calcium) varied significantly with follicular development. The conclusion
from these experiments was that follicul ar fluid is probably not a sim ple transudate of
plasma and that the biochemical composition of fo llicular fluid is dynamic.
Based on transrectal ultrasonic imaging studies in cattle, the development of
ovarian fo llicles is a dynamic and cyc lic process with two or three waves of ovarian
follicles developing during each estrous cycle (G inther et al. , !989a, 1989b ). The onset
of the first follicular wave generally occurs several hours before the time of ovulation and
is evident by the detection of a group of2- to 4-mm follicles within the ovary. Over a
period of a few days, one follicle becomes dominant and continues to grow, while the
remaining follicles become subordinate and undergo atresia. The onset of the second
follicular wave occurs about Day I 0 after ovulation for two wave cycles and is followed
by another about Day 16 for three wave cycles. The fo llicle destined to ovulate ori ginates

from the final follicular wave (Ginther et al. , 1989a, 1989b). Follicular wave dynamics.
as well as in vitro culture of ovarian follicles, have been under intense investigation in
recent years and a thorough review offolliculogenesis will be presented later in this
chapter.
The oviduct, also known as the uterine tube, of the cow is 20 to 28 em long,
moderately tortuous, and is divided into three anatomically distinct sections. These three
sections include: l) the infundibulum and its fringe-like fimbria, which form the
abdominal opening and envelop the ovary and function in catching the oocyte and
accompanying follicular fluid during ovulation; 2) the ampula, which is distal to the
infundibulum; and 3) the isthmus, which lies between the infundibulum and the uterine
horn and is narrow relative to the infudibulum (Hafez, l993b).
The oviduct is lined with simple columnar epithelial cells with motile cilia on the
majority of cells. Nonciliated secretory epithelial cells are also present in the oviduct and
these cells become taller than ciliated cells during the luteal phase of the estrous cycle.
The ciliated cells become more numerous and taller during estrus (Hafez, 1993 b;
Priedkalns, 1993 ). There are no epithelial glands in the mucosa of the oviduct. The
oviductal mucosa is highly folded , especially in the ampulla and infudibulum, with less
prominent folds in the isthmus, which lacks secondary and tertiary folds. These primary,
secondary, and tertiary folds almost completely fill the lumen of the infundibullar and
ampullar portions of the oviduct so that only a potential space remains. The submucosa
of the oviduct consists of loose connective tissue with an abundance of mast cells, plasma
cells, and eosinophils. The tunica mucularis consists of relatively thick smooth muscle
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layer, isolated longitudinal muscle bundles, and few oblique muscle bundles. The tunica
muscularis is most prominent in the isthmus where it blends with the circular smooth
muscle of the uterus. The oviduct is covered with the tunica serosa, which contains blood
vessels and nerves (Priedkaln, 1993).
The oviduct provides a suitable environment for sperm transport and capacitation.
oocyte transport and maturation, fertili zation, and early embryo development. Secretions
from the oviductal epithelium provide nutritive substances for gametes and early
embryos.
The oviductal fluid was once thought of as a product of blood "transudate" and
secretory components from epithelial cells (Roberts eta!., 1975; Stanke eta!. , 1974).
However, it has since become apparent that certain chemical constituents of oviductal
fluid are present at different concentrations than those of plasma (Leese, 1988; Malayer
eta!., 1988). Therefore, the term "selective transudation" probably better describes the
formation of oviductal fluid. Given that oviductal fluid is formed by selective
transudation of plasma components, it is likely that dietary factors that alter the
concentrations of chemical components (i.e., urea or ammonia) of plasma may also alter
the chemical components of oviductal secretions. Altered concentrations of chemical
components in reproductive fluids could perturb oocyte maturation, fertilization, and
early embryo development.
As mentioned earlier, chemical components in oviductal fluid vary relative to
concentrations in plasma. Concentrations of Mg and Cl in bovine oviductal fluid are
simi lar to concentrations in normal bovine plasma (Ellington, 1991). Conversely,
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phosphorus is decreased ( 1.97 mEq/L) in oviductal flu id compared to plasma (3.24
mEq/L). as is Ca (1.88 mEq/L in oviductal fluid vs . 4.7 mEq/ L in plasma). Sodium
concentration in bovine oviductal fluid is simil ar to plasma concentration (147 mEq) until
ovulation occurs, when oviductal concentrations decrease to 117 mEq/L (Paisley and
Mickel sen , 1979). The concentration of potassium in the ov iductal fluid versus plasma
appears to differ between species. Ell ington (1991 ) reported potassium concentration to
be similar to plasma concentration in bovine oviductal fluid , whereas Borland et al.
( 1980) reported potassium concentration in human oviductal fluid to be sign ificantly
higher than that of plasma. Glucose concentrations in bovine oviductal (0 . 1-0.2 mM)
fluid is extremely low compared to plasma (3 .3mM) concentrations (Parri sh et al. , 1989).
Low glucose concentrations in the oviductal fluid appear to be unique to the cow as
concentrations are considerably hi gher in other species that have been studi ed (e .g. ,
mouse and rabbit) (Leese, 1988). Low concentrations of glucose in the bovine oviduct
appear to be physiologically necessary in that glucose delays bovi ne sperm capac itation
and inhibits early bovine embryonic development in vi tro (Ellington et al. , 1990; Gardner,
1998).
The ov iduct also serves as a sperm reservoir and has been described in several
species, including pigs (Hunter, 1984), sheep (Hunter, 1983), hamsters (Smith et al. ,
1987), guinea pigs (Yanagimachi and Mahi , 1976), mice (Suarez, 1987), and cattle
(Hunter and Wilmut, 1984). Although millions of sperm are deposited following
insemination, only a small portion of sperm capable of fertilization reach the ov iduct and
only one is successful in fertili zing an oocyte. The sperm capable of fertilizing the oocyte
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reach the oviduct within 8 hours after inseminati on and are then detained in the cauda l
isthmus, the sperm reservoir, during estrus. At the time of ovulation, relatively small
numbers of sperm are released to allow fert ilization of the oocyte. Only in the oviduct
ipsilateral to ovulation and only after ovul ation do sperm undergo the acrosome reaction,
gaining the capacity to fertilize the oocyte (Hawk, 1987). The functi on of the sperm
reservoi r is not compl etely understood ; however, it may serve to decrease the ri sk of
polyspermy and to ensure that sperm are avai lable at the time of ovu lation (Lefebvre et
al. , 1995), or it may serve to provide an environment for sperm capacitation (Po llard et
al. , 199 1).
The uterus serves several important functions in reproduction, including sperm
transport, hormone production and secretion, contro l of maintenance and lysis of the
corpus luteum, and secretion of nutrients to support rapid endometrial proliferation and
development of the preimplantation embryo. The uterus allows implantation of the
developing conceptus, is involved in the formation of the placenta, and provides a
protective environment for the fetus throughout gestation. At term, the contraction of the
uterine smooth muscle expels the fetus , feta l fluid s, and placenta (Hafez, l 993 b).
The uterus consists of the cervix, the body, and two uterine horns that are
continuous with the oviducts cranially. The uterus of the cow is classified as bicornate
and the placenta of the cow is class ified as convex cotyledonary, deciduate, chorioallantoic, with epithelio-chorial placentation. The uterine horns of the cow are
approximately 35-43 em in length and they taper gradually from the body to the uterotubal junction. The uterine horns pass cranially from the body and then diverge first
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ventrall y, then caudall y, and finall y dorsa lly to form two diverging spiral s (N ickel et a!..
1979). The serosal surface of the uterine horns is covered by the peritoneum and the
wall s consist of an outer layer of longitudinal smooth muscle and an inner layer of
circular smooth muscle and are lined with a glandular mucosa-submucosa, the
endo metrium. The endometrium forms longitudinal and transverse fold s, as well as four
irregu lar longitudinal rows of mucosal prominences, the uterine caruncles. The body of
the bovine uterus is short (3 to 5 em) relative to other domestic speci es. The lumen of the
body is continuous caudally with the lumen of the cervix through a single opening, the
internal cervical os, and cranially with the lumina of the uterine horns through two
openings. The cervix of the bovine uterus is thick walled, firm , and is 6 to 7 em in length
in young cows and approximately I 0 em in length in older cows. The wall of the cervix
consists of an outer layer of longitudinal smooth muscle and an inner layer of circular
smooth muscle with dense, tough, fibrous connective tissue, and is lined with a pale
mucous membrane. The mucous membrane, along with the circular muscle of the cervix ,
form s three or four firm cervical rings, the plicae circulares, that project into the lumen
of the cervix. The rings are spiral or annular in shape and are of varying height. The
most caudal cervical ring is annular and surrounds the external opening of the cervix.
The most cranial ring is also annular and surrounds the internal opening of the cervix
(Nickel et al. , 1979).
The bovine uterine epithelium is pseudostratified columnar and simple columnar in
the cow (Priedkalns, 1993). The epithelium varies in height and structure during the
estrus cycle in relation to ovarian hormone secretion, as discussed below in greater detail.
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In ruminants, simple, branched tubular glands lined with nonciliated simple co lum nar
epithelium are interspersed throughout the endometrium , but are absent from the
caruncular areas. Growth of these endometrial glands is stimulated by rising levels of
estrogen, but they do not become coiled or secretory until progesterone stimul ation
occurs. The uterine caruncles of the ruminant are dome-shaped and are rich in fibroblasts
and highly vascular. During pregnancy, these caruncles form an interface wi th the
corresponding areas of the fetal placenta, the cotyledons, to provide fetal -maternal
exchange of nutrients and waste products (Priedkalns, 1993).
Changes in the endometrium occur throughout the estrous cycle of the nonpregnant
cow. During the last 3 to 4 days of diestrus, the height of the endometrium decreases, the
endometrial glands become shorter with lower endothelium, and their secretions cease.
During proestrus, under the influence of estrogen, endometrial height increases, and the
mucosa becomes thickened and congested with mucous-filled epithelial cells
predominating throughout proestrus. During proestrus, endometrial glands lengthen
without an increase in branching or coiling. During estrus, the endometrium becomes
hyperemic and edematous. Endometrial edema decreases during metestrus. With the
onset of diestrus, and under the influence of progesterone, the endometrium undergoes a
transformation from a proliferative to secretory type with an increase in glandular
branching, coiling, and secretion. If pregnancy does not occur, the endometrial glands
regress along with corpus luteurn regression during the last 3 days of diestrus (Priedkalns,
1993).
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2.2. Basic reproductive physiology of/he cow
The reproductive cycle of the cow begins at puberty and continues at regular
intervals throughout the life of the cow, except during pregnancy, periods of nutritional
stress, and severe illness. The length of the estrous cycle in the cow averages 21 days
with a normal range of 17 to 25 days (Stevenson, 1997). The length of the estrus period
averages 12 to 18 h with ovulation occurring 24 to 30 h after the onset of estrus
(Garverick and Smith, 1993 ; Stevenson, 1997). The estrous cycle is divided into four
phases: estrus (Day 0), metestrus (Days 1-4), diestrus or luteal phase (Days 4-18), and
proestrus or follicular phase (Day 19 to estrus). During estrus, the reproductive system is
predominantly influenced by estrogen as it increases rapidly in the growing follicle.
Estrogen is responsible for the characteristic estrus behavior of the cow, including sexual
receptivity to the male and allowing mounting by other cows. Metestrus is the period of
ovulation and early corpus luteum development. During metestrus, estrogen levels
rapidly decline following ovulation and progesterone levels rise due to development of
the corpus luteum (Fig. 1-1). During diestrus, the reproductive system is predominantly
under the influence of progesterone secreted by the corpus luteum. Diestrus ends with the
regression of the corpus luteum, resulting in the rapid decline of progesterone and the
onset of the follicular phase. The follicular phase is characterized by rapid growth of the
follicle that is destined to ovulate and, subsequently, a rapid rise in estrogen (Stevenson,
1997; Fig. 1-1). The hormonal and physiological events that occur in relation to follicular
development will be discussed in further detail below in the section on folliculogenesis.
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The hypothalamus, pituitary, ovaries, and uterus are responsible for the secretion of
hormones controlling reproduction and are required for orchestration of the normal
estrous cycle. The hypothalamus secretes gonadotropin releasing hormone (GnRH),
which acts on the pituitary to contro l the release of the gonadotropic hormones--follicle
stimulating hormone (FSH) and luteinizing hormone (LH). These two hormones are
responsible for regulating growth, maturation, and ovulation of follicles. This system is
regulated by positive and negative feedback loops from ovarian hormones such as
estradiol, progesterone, inhibin , and activin (Hadley, 1996; Hafez, !993c; Noakes, 1996).
Following low amplitude pulsatile surges in GnRH, FSH is released, stimulating
growth of granulosa and theca cells, and resulting in growth and development of a cohort
of follicles. At the end of the luteal phase, progesterone rapidly declines and GnRH pulse
amplitude and frequency increase, leading to increased frequency of LH pulses.
Maturation of the growing follicles and estrogen secretion from granulosa cells is
stimulated by the pulsatile secretion ofLH. The growing follicles also secrete inhibin,
which has a negative feedback effect on the pituitary, decreasing FSH secretion. Estrogen
secretion from the growing follicle triggers a burst of GnRH, resulting in a preovulatory
surge of LH and FSH lasting 8 to 10 h (Noakes, 1996; Stevenson, 1997). Estrogen and
FSH also increase LH receptors in the preovulatory follicle, increasing its responsiveness
to LH. The LH surge stimulates final maturation of the follicle with ovulation occurring
24 to 36 h after the LH peak (Stevenson, 1997). Following the preovulatory surge, but
just prior to ovulation, a secondary surge of FSH of lower magnitude occurs due to the
cessation of inhibin production and is responsible for the initiation of the first wave of
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follicles that can be detected by ultrasonic imaging near the time of ovulation (Adams,
1994: Stevenson, 1997). Following ovulation, estrogen levels decline rapidly from their
peak at estrus and progesterone levels begin to rise as the theca and gran ulosa cells
differenti ate into luteal cells, forming the corpus luteum. Throughout the remainder of
metestrus, blood levels of estrogen, LH , and progesterone remain low. The luteal phase
is characterized by ri sing levels of progesterone, reaching maximal concentrations by Day
8 to I 0 of the estrous cycle. Progesterone feeds back to the pituitary and/or hypothalamus
to decrease the release LH. Prostaglandin is released from the uterus in the absence of an
embryonic signal (referred to as maternal recognition of pregnancy), resulting in lysis of
the corpus luteum and a subsequent decline in progesterone production (Noakes, 1996;
Hansen eta!., 1997). Negative feedback to the pituitary is lost as progesterone declines
resulting in increased secretion of LH, initiating growth and maturation of the next
preovulatory fo llicle (Noakes, 1996; Stevenson, 1997).

2.3. Folliculogenesis
Mammalian ovaries have a large pool of primordial follicles ( 120,000 to 150,000 in
the cow) consisting of a single layer of flattened granulosa cells surrounding an oocyte
that is arrested in prophase I of meiosis (Adams, 1994; Hafez, !993a; Priedkalns, 1993).
The primordial pool develops during fetal life in cattle, but develops shortly after birth in
some other species, such as rodents and rabbits (Fortune, 1994). Primordial follicles
remain quiescent until the emergence of a follicular wave, initiated by a surge of FSH,
when they proceed with development as a cohort of growing follicles (Adams, 1994).
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The gradual re lease of primordi al fo llicl es fro m the resting pool ensures that the majority
of fo llicles remain in reserve for continuous release throughout the reproducti ve life of
the animal. In spite of intense research on fo llicle selection and dominance in cattle, the
mechani sms that trigger the release (recruitment) of primordial follicles from the resting
pool and the early stages of folliculogenesis are largely unknown (Braw-Tal and Yossefi ,
1997).
Although ovulatory fol licles do not develop until puberty (Stevenson. 1997),
primordial follicles begin to leave the resting pool and grow soon after birth in the calf
(Mhawi et al. , 1991). Initiation of follicle growth from the resting pool continues
throughout the reproductive life of the cow. Once recruited from the resting poo l,
primordial follicles proceed through various stages of development, including primary
follicles , growing follicles , and antral follicles to potentially become ovul atory follicles
(Yang et al. , 1998). The fate of the growing follicle in the prepubertal cow is always
atresia. Fo llowing puberty, the growing follicle meets one of two fates: either atresia or
ovulation. The vast maj ority of follicles recruited and released from the resting poo l
undergo atresia with relatively few developi ng to become ovulatory follicles.
Follicular development during the estrous cycle occurs in different patterns,
depending on the species. In some species (e.g. , pigs, rats, and primates) growth of
ovu latory size follicles does not occur during the luteal phase of the estrous cycle.
Instead, small antral follicles develop and regress several times during the luteal phase
and only during the late follicular phase does an ovulatory size follicle develop
(Hirshfield, 1991 ). However, in other species (e .g. , cows, ewes, and mares) development
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of ovu latory size follicles occurs throughout the estrous cycle (Fortune, 1994). The
advent of transrectal ultrasonic imaging techniques has allowed researchers to directl y
evaluate ovarian follicles > 3mm in diameter throughout the course of their development.
This technology has played a key role in determining the patterns of follicular
development in large domestic spec ies and over the past decade much in format ion has
emerged regarding follicular development, especially in the cow.
Prior to development of trans rectal ultrasonic imaging technology, patterns of
follicular development in the cow were based on gross and hi sto logic studies of the
ovaries. Results from these early studies suggested that follicular development occurred
in two waves during the estrous cycle, one during the luteal phase and another during the
follicular phase , with each resulting in an ovulatory size follicle (Matton et al. , 198 1;
Rajakoski, 1960). More recent studies have found that bovine ovarian follicles develop
in either two or three waves during the estrous cycle (Adams, 1994; Fortune et al. , 1988;
Ginther et al. , 1989b; Lucy et al. , 1992 ; Peirson and Ginther, 1988 ; Savio et al. , 1988;
Sirois and Fortune, 1988), depending on the nutritional status, lactational status, and
parity of the cow (Lucy et al. , 1994). Development of a follicular wave in cattle is
characterized by the synchronous emergence and growth of several small follicles
followed by selection of a dominant follicle and subsequent regression of its subordinate
follicles (Fig. l-1 , top panel). Follicular wave emergence is detected on about Day 0 (the
day of ovulation) and Day I 0 for two-wave cycles and on about Days 0, 9, and 16 for
three-wave cycles with the ovulatory follicle developing during the last follicular wave of
the cycle (Adams, 1994). A surge in plasma FSH occurs 1 to 2 days before the
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emergence of a follicular wave (Adams eta!. , 1992) and selection of a dom inant fo llicle
coinc ides with the return of FSH to basal levels (Gi nther et a!., 1996) (Fig. I-I ) .
Fo llicle growth occurs slowly during the initial stages of follicular development
fo ll owed by more rapid growth during the later stages. In experiments conducted to
determ ine temporal patterns of follicular growth and atresia in rats, Hirshfield ( 199 1)
determi ned that the time required for the granulosa cell layers to double (one generation)
is approximately 30 days for the fi rst and second generations, 6 days for the third
generation, 4 days for the sixth generation, and less than 2.5 days for the seventh to tenth
generations. Furthermore, Hirshfield found that atresia was rare during the first seven
granulosa cell generations, when basal concentrations of hormones, growth factors , and
gonadotropins were present, and that most atresia occurred in follicles during the eighth
or ninth generations. Through analysis of data from studies of bovine fo llicular
development, Fortune (1994) determined that bovine follicular growth, based on
granulosa cell generation, is much more rapid in the final stages of development and that
the majority of bovine follicles become atretic over the period of a few granulosa cell
generations during the later stages of follicular deve lopment, similar to the rat. Fortune
suggested that when follicles reach these later granulosa cell generations "they have
reached the end of their normal life span under basal conditions" and that, "theoretically,
only follicles that are exposed to specific, additional signals wi ll continue beyond this
point and ovulate" (p. 226).
In a model for selection of the dominant follicle in cattle proposed by Ginther et al.
( 1996), they suggest that selection of a dominant follicle depends upon a shift in
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dependency from FSH to LH, resulting in growth arrest and atresia of FSH dependent
follicles as the FSH surge diminishes. According to their model , the critical step in
se lection of the dominant follicle is the acquisition of granulosa cell LH receptors that
would allow the follicle to continue to develop in the presence of increasi ng LH and
decreasing FSH concentrations (Fig. 1-1 ). Prior to the acquisition of granulosa cell LH
receptors, the production of estradiol by aromatization of androgens is mediated through
binding of FSH to its receptors. The aromatization of androgen to estradiol in the
presence of granulosa cell FSH receptors, but in the absence of LH receptors (i.e. , prior to
follicle selection), is minimal , resulting in low levels (aproximately 58 ng/ml) of
follicular estadiol and an estadio l to androgen ratio of approximately 0.60. However, the
aromatization of androgens to estradiol is more efficient when mediated through LH
receptors (i.e. , after follicle selection), resulting in higher levels (approximately 200
ng/ml ) of follicular estradiol and an estrogen to androgen ratio of approximately 74.4
(Fortune, 1994; Ginther eta!. , 1996). Increased levels of estradiol are responsible for the
up regulation ofLH receptors, increasing the follicles responsiveness to LH, and are
therefore prerequisite to final follicular growth, maturation, and ovulation. Increased
levels of estradiol are also required for preparation of the female for conception following
ovulation (Ginther eta!., 1996).

2. 4. Fertilization and early embryonic
development
Near the time of ovulation, the fimbria of the oviduct come in close contact with the
surface of the ovary via contraction of the mesosalpinx, which appears to be under the
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hormonal contro l of the ovary bearing the ovu latory follicle (Hafez. 1993a; Noakes,
1996). Upon ovulation, the follicular fluid and the oocyte are drawn into the oviduct by
the contractile and ciliary movement of the fimbria (Hafez, 1993a; Noakes, 1996). The
oocyte, through its cumulus cell s supported by the matrix, maintains close contact with
cili a of the oviductal epithe lium and is transported to the ampula where spermatozoa are
waiting fo r its arrival , providing the cow was inseminated at estrus (Hafez, 1993a;
oakes, 1996). The unfertilized ovum is viab le for up to 24 h after ovulation (Bazer et
al. , 1993). Most ova are capable of becoming ferti li zed and, therefore, successful
fertilization of the ova depends mainly on the ability of the spermatozoa to successfull y
traverse the female reproductive tract and contact the ova (Hawk, 1987).
Sperm are deposited into the vagina of the cow during copulation, or directly into
the uterus during artificial insemination, at the time of estrus (Hafez, 1993d). Fo ll owing
deposition in the vagina, some spermatozoa are transported into the cervix within a few
minutes after intromission. However, most spermatozoa are quickly immobili zed by the
vaginal secretions and eliminated by retrograde movement within a few hours of
deposition (Hafez, 1993d; Larsson, 1986). Hawk ( 1987) reported that 67% of
spermatozoa were recovered in discharged cervical mucous . Large numbers of
spermatozoa are retained within the mucosal folds of the cervix where they are released to
continue movement toward the oviduct. Once spermatozoa reach the internal os of the
cervix, transport of spermatozoa is facilitated by myometrial contractions and movement
to the oviduct is rapid (Hafe z, 1993d). A study conducted to determine transport of
spermatozoa in the cow after artificial insemination showed that some sperm reach the
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oviduct withi n I h of insemination (Hawk, 1987). Of two-billion sperm inseminated , 269
x 106 (13.4%) were recovered in the reproducti ve tract l h after artificial insemination.
The distribution of spermatozoa in the reproductive tract l h after artificia l insemination
was as follows: 207

X

l 06 in the vagina, 59

X

I 06 in the cervix, 2.9

X

I 06 in the uterus, 40

x I 03 at the uterotubal junction, and 24 x l 03 in the ov iducts. Within 8 h after
insemination 200 x l 03 were recovered in the oviduct, but only 15 x l 0 3 were recovered
in the oviduct at 24 h after insemination (Hawk, 1987). Bovine sperm are viable within
the female reproductive tract for up to 48 h after insemination (Bazer et al. , 1993 ).
Once spermatozoa reach the oviduct, they are detained in the caudal isthmus; the
sperm reservoir, during estrus. Only in the oviduct ipsilateral to ovulation and only after
ovulation do sperm undergo the acrosome reaction, whereby the plasma membrane of the
spermatozoa fuses with the outer acrosoma l membrane of the spermatozoa, releas ing
hydrolytic enzymes to break down the acroso me (Bazer et al. , 1993 ; Hawk, 1987). Upon
ovu lation, spermatozoa are released from the sperm reservoir to allow fertilization of the
oocyte. The sperm reservoir is thought to function in decreasing the number of
spermatozoa that reach the ova, thus decreasing the risk of polyspermy (Lefebvre et al. ,
1995). The sperm reservoir also serves to ensure sperm are available at the time of
ovulation and provides an environment for sperm capacitation (Pollard et al. , 1991 ).
Once the spermatozoa comes in contact with the ovum in the ampulla, the
spermatozoa must penetrate the cumulus mass and the zona pellucida (ZP), prior to
fusion of the spermatozoa and ovum plasma membranes (Bazer et al. , 1993). Penetration
of the cumulus mass and ZP is facilitated by the release of hyaluronidase from the

acrosome of the spermatozoa (Bazer et al., 1993). Fertilin. a spermatozoa surface protein.
and integrin receptors on the ovum plasma membrane are thought to be involved in
binding and fusio n of the sperm plasma membrane with the ovum plasma membrane
(F issore et al. , 1998). Once fusion of the spermatozoa and ovum plasma membranes
occurs, intracellular calcium is released from the endoplasmic reticulum (ER) of the
ovum. which brings about a cascade of events within the ovum, including release of
cortical granules, resumption of the cell cycle, and female pronuclear formation
(Ducibella, 1998). The release of cortical granules results in reorganization and
hardening of the ZP to prevent other sperm from penetrating the ZP and is termed the
polyspermy block (Bazer et al. , 1993). The release of intracellular calcium stores to
initiate ovum activation may be medi ated by binding of inositol I ,4,5- trisphosphate to its
receptor on the ER of the ovum (Ducibella, 1998).
Following fusion of the plasma membranes, the nuclear membrane of the
spermatozoa breaks down to release the male chromatin material in the cytoplasm of the
ovum (Bazer et al., 1993). A new membrane forms around the male chromatin to form
the male pronucleus. The male and female pronuclei migrate to the center of the ovum
and their nuclear envelopes disperse to allow the chromosomes to aggregate, thus
restoring the diploid state of the newly formed zygote (Bazer et al. , 1993).
Following zygote formation , the embryo undergoes several mitotic divisions
(cleavages) without an increase in the size of the embryo. The first and second cleavages
occur at right angles through the vertical axis of the embryo, resulting in four cells
(b lastomeres) of equal size (Bazer et al. , 1993). The third cleavage occurs at a right angle
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to the first and second cleavage. resu lting in eight blastomeres. The cleavages continue,
resulting in the doubling of the blastomeres with each cleavage. The first two cleavages
occur within about 48 hand the third cleavage within about 72 h after fertilization (Bazer
et al. , 1993). When the embryo has reached the 16-cell stage at 4 to 5 days after
insemination, it is referred to as a morula, due to its resemblance to a mulberry. Because
the blastomeres are inclosed within the rigid ZP, they become increasingly flattened and
polarized with each consecutive cleavage, beginning at the morula stage. The flattening
and polarization of the blastomeres are referred to as compaction (Bazer et al. , 1993).
The bovine embryo enters the uterus at the morula stage about 5 to 6 days
postfertilization.
During compaction, tight junctions form between the blastomeres allowing fluid to
accumulate within the developing central cavity, the blastocoel. The fluid within the
blastocoel becomes hypertonic due to the action of the Na+I K+ ATPase pump and the
selective transport of the tight junctions, resulting in osmotic accumulation of fluid within
the blastocoel (Bazer et al., 1993). The developing embryo is termed a blastocyst upon
formation of the bastocoel. The blastocyst contains two distinct cell populations: the

trophectoderm (trophoblast), which are the outermost layers of cuboidal cells and later
forms the fetal chorion; and the inner cell mass, which lies beneath the trophectoderm
and later forms the three germ layers (i.e., ectoderm, mesoderm, and endoderm) of the
embryo proper (Bazer et al. , 1993). As the bovine blastocyst expands 7 to 8 days after
fertilization , the zona begins to thin, at which time the embryo is referred to as an
expanded blastocyst. Through increased expansion of the embryo and enzymatic
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digesti on, the zona thins and eventually splits to allow the embryo to escape (hatch from)
the confi nes of the zona about 9 to II days after fert ilization (Bazer et al. , 1993). The
hatched blastocyst undergoes a rapid growth and development phase in which the embryo
begins to elongate, transforming from a 3-mm spherical shape on Day 13 to a 25- mm
filamentou s shape by Day 17 (Bazer et al. , 1993). On about Days 16 to 19 of
development. the bovine trophobl ast produces an antiluteo lytic signal. interferon

"t,

which

prevents uterine release of PGF,., thereby preventing lysis of the corpus luteum (Thatcher
et a!., 1997). This is an essential event in the establi shment of pregnancy and is referred
to as maternal recognition of pregnancy. Implantation of the bovine embryo occurs on
about Day 22 and is characteri zed by development of villi on the trophectoderm surface,
which invade the uterine endometrium (Bazer et al. , 1993) to establish fetal-maternal
exchange of nutrients and waste products.
As the embryo develops from the two-cell stage to the hatched blastocyst, it
undergoes changes in both its physiology and biochemistry, as well as in its requirement
and utilization of nutrients. More than a decade of intense research and com mercial
production of in vitro produced bovine embryos has greatly enhanced the knowledge of
the metabolism and nutrient requirements of preimplantation embryos.
In a recent review, Gardner ( 1998) summarized the changes in requirements and
utili zation of nutrients of the preimplantation embryo. Gardner states that two major
morphologic events occur in the developing embryo: compaction and blastocoel
formation . These morphologic changes are associated with an increase in requirements
for nutrients, especially energy. Furthermore, compaction, blastocoel development, and
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d ifferen ti ation of the germ layers are assoc iated wi th activatio n of the embryoni c ge nome,
resulting in increased biosynthetic activity and an increased demand for energy and
biosynthetic precursors.
Prior to compaction, the bovine embryo has only a limited capacity to uti li ze
glucose and excess glucose can actuall y inhibit development in the cleavage stage embryo
(Kim et al. , 1993). Instead of glucose, the energy sources preferred by the cleavage stage
embryo are pyruvate, lactate, and am ino acids. An increase in glucose uptake and
utilization occurs about the time of compaction such that the compaction stage embryo
becomes glucose dependent . The ability of the blastocyst to utilize glucose may be
explained by its ability to metabolize glucose by both the oxidative and anaerobic
pathways. Although the cleavage stage embryo possesses glycolytic enzymes in excess of
those needed for glucose utilization, glycolytic regulators (i.e. , phosphofructokinase,
PFK) that control the flux of glucose through the oxidative glyco lytic pathway are
inhibited by a high A TP:ADP ratio, as occurs in the cleavage stage embryo. The
ATP:ADP ratio decreases as the embryo develops to the blastocyst stage. Gardner
explains this decrease in A TP:ADP ratio during blastocyst development as an increase in
ATP utilization with increased biosynthesis resulting in increased product ion of ADP.
Thus, the ATP:ADP ratio falls rapidly during increased biosynthesis, switching on PFK
and the oxidative glycolytic pathway. Interestingly, Gardner and Lane proposed that the
negative effect of ammonia on preimplantation mouse embryo development may be due
to the ability of ammonia to activate PFK, thereby increasing the glycolytic acti vity in the
cleavage stage embryo (Gardner and Lane, 1993).

27
Gl ucose is utilized, however, by the cleavage stage embryo to synthesize
triglyceri des and phospholi pids, as we ll as to provide prec ursors for synthesis of
mucopol ysaccharides and glycoproteins. Furthermore, glucose metaboli zed by the
pentose phosphate pathway generates ribose. Ribose is required for synthes is of nucleic
ac ids and NADPH , which in turn is required for biosynthesis of other mol ecul es
necessary for early embryo development. NA DPH is also required for the reduction of
glutathione, which functions as an important antioxidant in the embryo (Gardner, 1998).
Similar to the differences in glucose requirements before and after compact ion,
differences in amino acid requirements before and after compaction are also evident.
During the cleavage stage of embryo development, nonessential amino acids stimulate
development (Steeves and Gardner, 1997). Furthermore, culture of cleavage stage
embryos in medium supplemented with essential amino acids resulted in loss of embryo
viabi li ty (Gardner, 1998). Not surprisingly, nonessential amino acids are those present at
the highest levels in the oviduct where the cleavage stage embryo develops (Gardner,
1998). Following compaction, essential ami no acids stimulate embryo development,
blastocoel formation, inner cell mass numbers, and hatching rates in in vitro produced
embryos (Lane and Gardner, 1997).

2. 5. Protein sources and requirements for
lactating dairy ca/1/e
Protein is the major source of amino acids (AA) and nitrogen in ruminant diets and
is necessary for maintenance, growth, reproduction, and milk production in dairy cows.
Ruminants have the unique ability to obtain protein either from their diets or from the

28
synthesis of rumen microbial protein. The ability to synthesize microbial protein in the
rumen allows ruminants to utili ze nitrogen from a wide variety of sources, including urea
and other nonprotein nitrogen (NPN), as well as from plant protein.
In order to discuss the protein requirements of lactating dairy cows, definition of
some terms regarding dietary protein is necessary. Crude protein (CP; the sum of all
protein in the diet) can be divided into three primary types: sol uble protein (S P), rumen
degraded protein (RDP), and rumen undegraded protein (RUP). Soluble protein is the
protein that is rapidly degraded to ammonia in the rumen and is an index of the rate of
rumina! proteolysis. Rumen degraded protein is the sum of all the protein that is
degraded to ammonia in the rumen and includes SP. Rumen degraded protein is an index
of the extent of rumina! proteolysis, rather than the rate of rumina! proteolysis (Owens
and Zi nn, 1988). Rumen undegraded protein is the protein that escapes degradation in the
rumen and is passed to the intestine intact. Recommendations for lactating dairy cows on
the amount of each type of dietary protein have been established by the

ational Research

Counc il (NRC, 1989) for the various stages of lactation and production level. The NRC
recommends that diets for high-producing, early lactation dairy cows contain 18% CP,
64% RDP/CP, and 36% RUP/CP. These recommendations vary depending on the leve l
of milk production, milk fat and protein production, and weight gain of the cow. The CP
and RUP of various feed sources commonly used in lactating dai ry cow diets have been
estimated by the NRC (1989) and Sirois (1995) and a summary of these estimations is
presented in Table 1-2. In is important to note, however, that RUP values are variable
even within a given protein source. Variability in rumen degradation of protein within a
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given feed source may be caused by a variety of factors, including rumen environment of
the cow, feed ing conditions, and method of treatment of a protein suppl ement (i.e., heat,
chemical, encapsulating) (Owens and Zinn, 1988; NRC, 1989).
Protein requirements for lactating dairy cows are dependant upon two factors: I)
ammonia necessary for optimal growth of rumen bacteria, and 2) AA absorption from the
small intestine to support optimal milk production (Owens and Zinn , 1988). Therefore,
protein supplementation in lactating dairy cow diets should be aimed at providing for
optimal microbial growth and intestinal AA suppl y. Rumen degraded protein or NPN
should be supplied at sufficient levels so that mi crobial protein synthesis is not limited by
rumen ammoni a concentrations. Supplementation of RDP or NPN results in nitrogen
wastage if ammonia concentrations in the rumen are already adequate for microb ial
growth. Rumen undegraded protein should be supplied at levels that will allow an
adequate supply of AA to the small intestine, complementing the AA supplied from
degradation of microbial protein (Owens and Zinn, 1988). Supplementing the diet with
RUP when AA supply to the intestine from degraded microbial protein is adequate results
in nitrogen wasting by reducing rumina! and total tract digestion. Because of rumen
degradati on of protein, high leve ls of dietary protein do not ensure an adequate AA
supply to the small intestine (Owens and Zinn, 1988). Furthermore, microbial protein
alone may not meet the demand for postruminal AA, especially methionine and lysine,
which are generally considered production limiting in high-producing cows in early
lactation (DePeters and Cant, 1992; Murphy and O'Mara, 1993; NRC, 1989). Because
AA composition of microbial protein is quite constant and is not affected by dietary
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ingredients (Bergen et al., 1968 ; Burris et al. , 1974; Meyer et al. , 1967), modification of
the postruminal AA profile is dependent upon the RUP portion of the dietary protein
(Mantysaari et al. , 1989). Due to the need fo r adequate concentrati ons of rumen ammo nia
fo r microbial protein synthesis, as we ll as an adequate supply of appropriate AA to the
small intestine , supplementation of dietary protein has become co mmonplace in diets for
lactating dairy cows.
Dietary protein can increase milk yield by increasing the supply of AA to the small
intestine, by increasing available energy, and by increasing the efficiency of energy
utilization (Chalupa, 1984). Most of the avai lab le research on the effects of dietary
protein intake on milk yield suggests that higher milk yields are obtained by feeding
higher levels of protein (Clark and Davis, 1980; Clay et al. , 1978; Cunningham et al. ,
1996; Fredeen, 1996; Gardner and Park, 1973 ; Grieve et al., 1974; Leng and No lan,
1984; MacLeod et al., 1982; Murdock and Hodgson, 1979; Norman et al. , 1982; Oldman,
1984; Roffler et al. , 1982; Sparrow et al. , 1973). In contrast, some studies have observed
no response in milk yield to increased dietary protein (Claypool et al. , 1980) while others
have observed a negative impact on milk yield with increased RUP (Wattiaux et al. ,
1993 ; Windschitl, 1991). A review by Chalupa (1984) reported that increases in milk
yield can be large when CP is increased from 9- 10% to 13-14%. Chalupa ( 1984) also
suggested that 20 to 24% CP may be needed to maximize milk yield when cows are fed
grass si lage-based diets. The differences in milk yield responses to dietary protein in
some studies may be due to differences in energy intake, as concentration of energy in the
diet and milk yield are positively correlated (Cunningham et al. , 1996; DePeters and Cant,
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1992; Huber and Kung, 1981 ; MacLeod eta!.. 1983).
Milk protein constitutes about 25% of total milk solids and in recent years has
become increasingl y valuable relative to other milk components, accounting for
approximately 55% of the total milk payment (Murphy and O' Mara, 1993).
Consequently, there is incentive for increasing the protein content in milk. Although
milk protein content can be altered through genetics and management. as well as
nutriti on, inducing changes in milk protein content through nutrition is more rapid
(Fredeen, 1996). Furthermore, genetic se lection for milk protein alone would likely
decrease milk yield and increase milk fat, which is economically undesirable (Murphy
and O'Mara, 1993). Therefore, research aimed at increasing the protein content of milk
through nutritional manipulation has received much attention (Butler et al. , 1983 ;
Cunningham et al. , 1996; DePeters and Cant, 1992; Murphy and O' Mara, 1993;
Rodriguez et al. , 1997; Vagnoni and Broderick, 1997).
The synthesis of milk protein in the mammary gland requires amino acid precursors
derived from RUP and microbial protein absorbed from the small intestine and, to a lesser
extent, from AA of endogenous origin (Murphy and O' Mara, 1993 ; O'Connor et al. ,
1993). Once absorbed from the small intestine, free AA enter the blood pool where they
are extracted by the mammary gland and utilized for milk protein synthesis, structural and
enzymatic protein synthesis, cellular catabolism, and milk secretion (DePeters and Cant,
1992). Uptake of AA by the mammary gland is dependent upon two factors: (l)
mammary blood flow (MBF) and (2) arterio-venous (A-V) AA concentration. Mammary
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uptake of AA from blood can be estimated using the following equation (DePeters and
Cant, 1992):
uptake of AA (glh) =
A-V difference of AA (giL)
X MBF (Lih)

The strategy to increase milk protein content though dietary manipulation has been to
either increase the total amount of AA reaching the small intestine or to alter the AA
profile to ensure availability of the essential AA that limit milk protein synthesis (Murphy
and O' Mara, 1993). The limiting AA for milk production are defined as the AA in the
least supply in the mammary tissue relative to its requirement for milk protein synthesis
(DePeters and Cant, 1992). As mentioned earlier, methionine and lysine are thought to be
the limiting AA for milk and protein yield under normal feeding regimens of dairy cows
(DePeters and Cant, 1992; Fredeen, 1996).
Dietary protein was once thought to have little impact on milk protein and then only
when the diet was severe ly protein deficient (Rook, 1961 ). Rook stated that feeding
dietary protein in excess of requirements resulted in elevated milk NPN, but had no effect
on milk protein yield or concentration ( 1961 ). More recent research suggests that both
the amount and type of dietary protein may have an impact on protein content of milk
(Cunningham eta!., 1996; DePeters and Cant, 1992; Vagnoni and Broderick, 1997).
Increasing the level of dietary protein has generally resulted in only marginal increases in
milk protein concentration (percentage) and marginal to moderate increases in milk
protein yield (quantity). In a study by Butler eta!. ( 1983), lactating cows were fed forage-
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based di ets, supplemented with protein and concentrate, with CP leve ls of 12%, 15%, and
18% . They found that CP leve l had no effect on milk protein content, but milk protein
yield increased by 60 grn/cow/day with the 18% CP diet. More recently, Cunningham et
al. (1996) found that milk protein yield was positively correlated with CP in cows fed
diets containing 14.5%, 16.5%, and 18 .5% CP and that milk protein concentration tended
to increase with diets containing hi gh RUP versus low RUP. Vagnoni and Broderick
(1997) reported an increase in milk protein concentration and yield in cows fed either
alfalfa silage or alfalfa hay-based diets supplemented with RUP (as fi sh meal).
Conversely, Rodriguez et al. ( 1997) reported a decrease in milk protein yield and
concentration for cows fed a 16% CP diet containing high RUP (as blood meal) compared
to cows fed a 16% CP diet containing high RDP (as soybean meal). Adams and Hopkins
( 1996) found no difference in milk protein concentration or yield in cows fed a 17% CP
diet supplemented with either RUP (as rumen protected soybean meal) or RDP (as
conventional soybean meal). The differences in milk protein concentration and yield
reported in some studies may be due, in part, to differences in energy intake. Increasing
energy intake through concentrate or roughage ingredients may increase both milk protein
concentration and yield (De Peters and Cant, 1992; MacLeod et aL , 1983 ). Increasing
dietary protein may also provide rumen microbes with the optimal amounts of
nitrogenous nutrients, thereby increasing digestibility of feed ingredients, which may
contribute to milk component variation in response to dietary protein (Chalupa, 1984;
Fredeen, 1996). Perhaps, the most important factor in the variation of milk protein
concentration is the difference in AA profiles of various protein supplements used in
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da iry cow diets. For exam ple, fi sh meal contains hi gh concentrati ons of the li miting AA ,
methioni ne and lysine, relative to other protei n suppl ements (O' Connor et a!., 1993) and
has been shown to increased mil k protein concentration (Vagnoni and Broderi ck. 1997).
Despite variation in response, supplementation of protein in lactating dairy cow
diets will likely continue in an attempt to increase the protein content of mil k. The
incentive fo r increasing prote in co ntent of mil k is the trend to base the val ue of milk on
protein content (Murphy and O' Mara, 1993 ). Consequently, it has become co mmon for
dairies to feed prote in in excess of 19% CP throughout the early lactation period and into
the breeding peri od (Staples et a!. , 1993).

2. 6. Ruminant protein and nitrogen metabolism
Prote in metabolism in the ruminant animal is complex, due to the invo lvement of
rumen microbes in proteolys is and, due to the abili ty of ruminants to synthes ize microbi al
protein and to recycle plasma urea to ammonia in the rumen. Proteo lysis in the rumen is
carried out exclusively by enzymes of microbial ori gin rather than by plant or host
enzymes (Brock et a!., 1982). Bacteria carry out most of the protein catabolism in the
rumen, with protozoa and fungi contributing to protein catabolism to a lesser extent
(Broderick, 1994). Proteases are associated with the ce ll surface of bacteria; thus the first
step in proteol ysis is the adsorption of protein to the surface of proteolytic bacteria
(Kopec ny and Wallace, 1982). Extent of proteo lysis is dependent on the retention time of
protein in the rumen, as well as the susceptibility of the protein to microbial proteases
(Parker et a!. , 1995). Furthermore, quantity and species of proteolytic bacteria in the
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rumen vary considerably with diet, resulting in large differences in proteoly1ic activity
among animals fed the same diets (Wallace and Cotta, 1988).
f?egradation of dietary protein and NPN in the rumen resu lts in liberation of simpler
N compounds, primarily ammonia (Owens and Bergen, 1983). Other sources of rumen
ammonia include hydrolysis of urea recycled to the rumen and degradation of microbial
protoplasm (Owens and Bergen, 1983 ; Remond eta!. , 1993). Pathways of efflux of
ammonia from the rumen pool include: uptake by rumen microbes, absorption through
the rumen wall , or passage postruminally in the digesta (Chalupa, 1984; Owens and
Bergen, 1983). Rate of absorption of ammonia through the rumen wall is positively
correlated with rumen ammonia concentration and is dependent on the pH of the rumen
fluid (Yisek, 1984). Furthermore, ammonia is passively absorbed only in its nonioni zed
form (NH 3). Because the pK of ammonia is 9.25 (Yoet and Yoet, 1995) and the rumen
pH is generally less than 7, ammonia in the rumen is primarily (>99%) in the ionized
form (NH;), aiding in rumina! ammonia retention (Yisek, 1984). However, when NPN
or very soluble protein sources are consumed, rumen ammonia concentrations can
fluctuate rapidly (Parker eta!. , 1995). Rumen ammonia concentration can also increase
rapidly when capture of ammonia for microbial protein synthesis is suboptimal, which
may be due to asynchrony ofN and energy release within the rumen (Mabjeesh eta!.,
1997; Parker eta!. , 1995 ; Sinclair et al., 1993). ln either event, increasing the
concentration of ammonia in the rumen results in increased ammonia absorption across
the rumen wall (Owens and Bergen, 1983 ). The rumen ammonia pool is very dynamic
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and changes in either ammonia li beration or efflux can alter rumen ammonia
concentrations.
As mentioned previously, rate of absorption of ammonia across the rumen wall is
linearly correlated with both the concentration of nonionized ammonia and the
concentration of total ammonia in the rumen (Remond et al., 1993). As ammonia
absorption occurs by passive. nonionic diffusion down a concentration gradient, high
rumen ammonia concentrations favor the flux of ammonia into the portal blood. Seal and
Reynolds ( 1993) reported that flux of ammonia into the portal blood can represent as
much as 65% of total dietary

intake. Furthermore, Huntington ( 1984) reported that the

rate of ammonia absorption in lactating Holstein cows is approximately 7 1.5
>~mol/min/kgW 0 · 75 , which is more than twenty times higher than the rate of ammonia

absorption in rats (Hartman and Prior, 1992), and more than two times the rate in sheep
(Grosset al., 1990).
Despite a relatively high rate of absorption and high portal concentrati ons of
ammonia in dairy cows (Hunti ngton, 1984), extraction of ammonia and conversion to
urea via the urea cycle are quite efficient over a wide range of portal ammonia
concentrations (Dimski, 1994; Parker et al., 1995). Under normal nutritional and
physiological conditions, the ability of the liver to extract and convert ammonia to urea
exceeds the demands of high portal concentrations (Parker et al., 1995). The conversion
of one molecule of ammonia to urea by the urea cycle is at the expense of three molecules
of ATP (Voet and Voet, 1995). In addition to conversion of ammonia to urea by
periportal hepatocytes, ammonia escaping conversion to urea is converted to glutamine by
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perivenous hepatocytes, as well as other ex tra hepatic tissues (i.e., muscle, brain)
(Dimsk i. 1994; Parker et al. , 1995 ; Yoet and Yoet ; 1995). The conversion of one
molecule of ammonia to glutamine costs one molecule of ATP (Yoet and Yoet ; 1995).
Glutamine then enters circulation and is deaminated by glutaminase, within the
mitochondria of hepatocytes, during subsequent passages through the liver (D imski ,
1994; Parker et al. , 1995). Net hepatic uptake of glutamine and output of hepatic
glutamate in ruminants illustrates this mechanism of ammonia detoxification (Reynolds,
1992). As a consequence of these two hepatic mechanisms of ammonia detoxi fication,
systemic an1monia concentrations remain relatively constant under normal conditions
(Parker et al. , 1995). However, under certain nutritional conditions, such as high levels
of dietary protein (Jordan et al., 1983 ; Maltby et al., 1993) or when hepatic functi on is
compromised (Dimski , 1994; Pearson, 1996; Radostits et al., 1994a; West, 1997), the
hepatic threshold for ammonia detoxification may be exceeded, resu lting in elevated
ti ssue ammonia concentrations.
There is evidence that increased hepatic uptake of ammonia results in increased
hepatic deamination of amino acids (Lob ley et al. , 1995; Parker et al. , 1995 ; Wilton et al. ,
1988). Studies by Lobley et al. (1995) and Wilton et al. (1988) in sheep and cattle,
respectively, have shown that increasing hepatic ammonia uptake by infusion of ammonia
into the mesenteric vein results in an increase in urea production three fold greater than
expected by the measure of hepatic ammonia removal. Furthermore, Wilton et al. (1988)
found an increase in hepatic amino acid uptake during the period of increased hepatic
ammonia uptake. Findings by Lobley et al. (1995) further support hepatic deamination of
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amino acids during increased hepatic ammonia uptake . They co nducted a study to
determine the contribution of ammonia to the two amine molecu les of urea by infusing
mesenteric veins of sheep with "N H,C L and measuring to proportion of[ " , 15 NJ and
[

14

N.' 5 NJ urea output by the li ver. They found that 97% of the urea formed during the

"NH, CL infusion was in the form of [ 14 N, " NJ, suggesting that the urea- 14 N originated
from the a -NH2-N of amino acids. Parker et al. ( 1995) suggested that during periods of
high hepatic uptake of ammonia, the mitochondrial supply ofNH 3 may not be adequate to
supply both of the urea-N, resulting in the transfer of the a-NH2-N of amino acids to urea.
The deamination of amino acids during periods of increased hepatic NH 3 uptake could
potentially limit the supply of amino acids to other tissues, thereby affecting growth,
production, and reproduction.
Efficiency of nitrogen utilization of dairy cows depends on a number of factors ,
including dietary supply and metabolic demand for protein, dietary balance of RDP and
RUP , balance and supply of essential amino acids for protein synthesis, and
protein:energy balance in the rumen. When any of these factors become imbalanced,
efficiency of nitrogen utilization may be perturbed, resulting in nitrogen wastage.

2. 7. Chemical characteristics of ammonia
Ammonia (NH3) is a colorless gas under standard conditions and has a pungent odor
at concentrations above 50 ppm (NRC, 1979). Ammonia has a molecular weight of
17.03, the lowest of any nitrogenous compound of biological interest (NRC, 1979; Visek,
1984). The physical structure of the ammonia molecule is pyramidal with the N atom at
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the apex and the H atoms at the base , forming N-H bond angles of 106 °(NRC, 1979).
Ammonia (NH3) may be formed in vivo from ammonium (NH4+), urea, or amino
acids by the following chemical reactions (NRC, 1979):
NH 3 + H20 " NH; +OR
(NH 2)2 CO+ H20 + urease ::::: 2NH 3 + C0 2
glutamine + H20 + glutaminase ::::: gl utamate + NH3
Ammonia may undergo further dissociation to form the strongly basic amide ion:
NH, , NH,. +W
although this dissociation is too weak to occur in aqueous solution (NRC, 1979).
Ammonia (NH 3 ) is a weak base and is rapidly protonated to yield N H, • with a pKa of
approximately 9.25 (Visek, 1984; Voet and Voet; 1995). Thus, at physiological pH,
approximately 99% of ammonia is in the form ofNH; . The magnitude of the pKa of
ammonia also results in a formation of substantial hydroxyl ion concentrations in aqueous
solutions (NRC, 1979).

2.8. Ammonia in biological systems
This section will focus on production, detoxification, and regulation of ammonia in
mammals. Ammonia [defined throughout this section as the sum of ammonia (NH 3) and
ammonium (NH;), except were differentiation is necessary] is essential to all living
organisms and is required for the biosynthesis of proteins, purines, pyrimidines, and other
biologically important compounds (Voet and Voet, 1995). Ammonia is the nitrogen
source most commonly used for many prokaryotes, plants, and fungi and is the end
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product of nitrogen metaboli sm in most organisms (Y isek, 1984). Although essential to
life. ammonia may be toxic to mammalian cells at concentrations above 50 11M (Milner,
1994). Therefore, normal function of physiological processes in mammal s depends upon
maintenance of ammonia within a relatively narrow range of concentrations.
The steady-state concentration of free ammonia in the intracellular and extracellular
fluids of mammals is governed by the rate of formation, uptake of ammonia by ce llular
processes, and excretion (NRC, 1979). Generation of ammonia in mammals is primarily
from the catabolism of proteins and subsequent degradation of amino acids wi thin the
gastrointestinal tract and peripheral tissues such as skeletal muscle (Dimski, 1994;
Milner, 1994; Yisek, 1984). Because most mammals consume dietary protein in excess
of need for protein synthesis, it is used as a source of energy, with degradation of am ino
acids providing 25% or more of total caloric needs (NRC , 1979). Ammonia is also
generated by degradation of nucleic acids, although the contribution of this process to the
free ammonia pool is relatively minor (Yisek, 1984). Significant quantities of ammonia
may also be generated from the conversion of adenine monophosphate to inosine
monophosphate, which releases energy during vigorous exercise (Dimski, 1994; Graham
et al. , 1997; Milner, 1994; Nevill et al., 1996). Free ammonia generated by these
metabolic processes is delivered to the liver where it is incorporated into carbamyl
phosphate, and subsequently into urea, via the urea cycle (Dimski, 1994; Yoet and Yoet,
1995).
Much of the ammonia generated in tissues other than the gastointestinal tract is
rapidly taken up and stored as the amide group of glutamine, a reaction catalyzed by

41
glutami ne synthetase (Dimski , 1994; Voet and Voet. 1995). Glutam ine is then
tran sported to the liver where it is deaminated by glutaminase, and the resultant ammonia
molecu le enters the urea cycle (Voet and Voet, 1995). Glutamine, thus, serves as a
nontoxic transport mechani sm , carry ing ammonia to the liver for synthes is of urea or to
other ti ssues for biosynthesis of am ino acids (Dimski, 1994; NRC , 1979; Vi sek, 1984).
Glutami ne synthesis also occurs in perivenous hepatocytes, functioning as a "back-up
system" to the urea cycle for ammonia removal (Dimski , 1994). Glutamine synthesis is a
rapid and important mechanism for mai ntaining steady-state concentrati ons of ammonia,
accounting for approximately one third of ammonia detoxification (Di mski , 1994).
Glutamine synthesis is a high affinity system, whereas urea synthesi s is a hi gh capacity,
but low affinity system for ammonia removal (Dimski , 1994). Glutamine is a neutral
molecule at physiologic pH and permeates cell membranes freely, acting as a
transmembrane ammonia carrier (NRC, 1979). Thi s is an important mechanism of
amm onia transport across cell membranes as the maj ority of free ammonia is in the
ionized (NH; ) form , which is not readily permeable across cell membranes (Martine lie
and Haggstrom, 1993 ; Milner, 1994).
Glutamine is an important metabolic energy source for a number of mammalian
cells including enterocytes (Dimski , 1994), fibroblasts (Donnelly and Scheffler, 1976),
He LA cells (Reitzer et a!. , 1979), mammalian oocytes (Kirsher and Bavister, 1998) and
preimplantation embryos (Gardner, 1998). As glutamine and other amino acids are
utili zed as energy by cells, they generate ammonia as a by-product of amino acid
catabolism. Cataboli sm of glutamine produces energy and releases large amounts of
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ammonia, which then diffuses into the blood and is delivered to the li ver for synthesis of
urea (D imski , 1994).
Although mammalian membranes are not permeable to ammonium (N H;), they are
highly permeable to ammonia (NHJ and equilibration of ammonia between fluid
compartments is rapid if the pH of the two compartments is equal (Visek, 1984). The
dynamic equilibrium between NH3 and NH/ in fluid compartments follows HendersonHasselbalch relationships:
pH = pK + log [NHJ I [NH,-]
As ionization of ammonia is pH dependent , a difference in pH between two fluid
compartments creates an ammonia gradient by trapping ionized ammonia (NH;) within
the fluid compartment (i.e ., intracellular fluid) with the lower pH (Visek, 1984;
Martinelle and Haggstrom, 1993). There is evidence that such an ammonia gradient
ex ists between the blood and uterine fluid compartments of early lactation dairy cows fed
excess RDP. Elrod et al. (1993) reported that uterine pH was significantly lower on Day
7 of the estrous cycle in early lactation dairy cows fed excess RDP (pH=6.85) than in
cows fed normal levels of RDP (pH=7.13) and that the alteration of pH in response to
RDP consumption was unique to the uterus. The difference in pH between blood (7.39)
and uterine fluid (6.85) in cows fed excess RDP could result in accumulation of ammonia
in the uterine environment and contribute to the reproductive inefficiency observed in
these cows.
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2.8. Mechanisms of ammonia 1oxicity
Ammonia in the extrahepatic ti ssues of mammal s is no rmally maintained at low
concentrations by the processes of ammonia detoxification, such as the urea cycle and
glutamine synthesis (Dimski, 1994; Milner, 1994). Metabolic disturbances occur in
mammals when they are unable to prevent moderate increases (i.e., > 50

~M)

in blood

ammonia concentrations (M ilner, 1994). Systemic elevatio ns in ammonia concentrat ions
may be the result of one or more of the following: (a) impaired liver function . (b)
excessive protein intake and ammonia production, (c) excessive NPN (i.e., urea) intake
by ruminants, or (d) perturbed hydrogen ion and electrolyte balance resulting in a rise in
NH 3 relative to NH;, which hastens NH 3 penetration of cell membranes (Milner, 1994;
Vi sek, 1984).
Clinical manifestations of ammonia toxicity in mammals are primarily as central
nervo us system (CNS) derangements (Dimski, 1994 ; Holtzman, 1994; Milner, 1994).
The mechanism of action of ammonia on the CNS is not fully understood, but may
involve one or more of the following: {a) alteration of the blood-brain barrier, (b) changes
in cerebral blood flow, (c) interference with neurotransmitters, (d) alterations in the
electrophysiological properties of the CNS, (e) disruption of CNS biochemical pathways,
or (f) changes in cellular acid-base balance (Dimski, 1994; Holtzman, 1994; Milner,
1994).
Ammonia appears to have negative effects on both excitatory and inhibitory
synaptic transmission through inhibition of c 1· efflux from neurons, thereby inhibiting the
generation of the hyperpolarizing potential (Milner, 1994). Excess ammonia also
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interferes with the metabolism of the amino ac id neurotransmitters glutamate and
aspartate (Milner, 1994). As glutamate is the main exci tatory neurotransmitter in the
mammalian CNS and most of the depolarizing current responsible for post-synaptic
potentials is carried out by glutamate-gated ion channels, CNS disturbances occur when
glutamate metabolism is altered (Alberts et al. , 1994). Recent experiments have shown
that acute ammonia toxicity is mediated by activation ofN-methyl-0-aspartate (NMDA)
receptors, which are glutamate-gated ion channels (Herrneneglido et al. , 1996). In a study
on acute ammonia toxicity in mice, Herrneneglido et al. (1996) showed that ammonia
toxicity and death could be prevented by treating mice with NMDA receptor antagonists,
but not by treating with muscarinic or nicotinic acetycholine receptor or GABA receptor
antagoni st.
In addition to its toxic effects on the CNS , ammonia is also associated with local ,
tissue specific, diseases such as atrophic rhinitis in pigs (Hamilton et al. , 1996; Urbain et
al. , 1996); gastric ulcers in mice, rats, and humans (Moran, 1996; Tsujii et al. , 1992a);
and colon and gastric cancer in mice and humans (Hambly et al. , 1997; Holtzman, 1994;
Tsujii et al. 1992b; Tsuji et al. , 1997). The mechanism of action of ammonia in atrophic
rhinitis is not fully understood, but it appears to act synergistically with Pastuerella

multocida or Borde/ella bronchiseptica to cause rhinitis and degeneration of the nasal
turbinates (Hamilton eta!., 1996). The pathogenesis of gastric ulcers involves infection
of the gastric mucosa with Helicobacler pylori, which secretes urease to generate
ammonia from breakdown of urea. Ammonia causes local irritation of the mucosa and
subsequent ulcer formation (Holtzman, 1994). Similarly, ammonia generated by
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Helicobacter pylori promotes chemically induced gastric carcinogenesis (Tsuji et al. .
1997).
Effects of ammonia on metabolic processes depend on the concentration of
ammonia, the proportion of unionized ammonia (wh ich readily crosses ce ll mem branes),
and the duration of exposure to ammonia (V isek, 1984). Some metaboli c processes are
stimulated by low concentrations and inhibited by elevated concentrations of ammoni a
(Vi sek, 1984). One common hypothesis is that ammonia interferes with energy
metabolism by depleting TCA cycle intermediates. As glutamate formati on is increased
when ammonia concentrations are elevated, it is thought that TCA cycle a-ketogluterate
is depleted, resulting in decreased A TP production (V isek, 1984).
Transport ofNH; into mammali an ce ll s in vitro results in altered cytoplasmic and
mitochondrial pH (Martinelle and Haggstrom , 1993). As mentioned previously, diffusion
of NH; across cell membranes is extremely slow. However, NH; may be transported
across cell membranes by active transport (i .e., Na+/K+-ATPase) (Martinelle and
Haggstrom, 1993) or faci litated diffusion (i.e., Na+ K+ 2c1· cotransporter) (Good et al. ,
1984; Kikeri et al. , 1989; Knepper et al. , 1989). Several authors suggest that NH; is able
to utilized the K+ binding site on these transport proteins because it has the same ionic
radius asK+ (Kikeri et al., 1989; Knepper et al. , 1989). As NH; enters the cytoplasm via
the transporting proteins, the cytoplasmic pH decreases as a result of outward diffusion of
NH 3 as NH/ NH; equilibrium is established. Likewise, NH 3 diffuses from the cytoplasm
into the mitochondria to increase mitochondrial pH. On the other hand, if NH, • is
generated within the mitochondria, NH 3 diffuses outward (leaving protons behi nd) and
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mitochondri al pH decreases (Martinelle and Haggstrom , 1993). Martinelle and
Haggstrom ( 1993) suggest that NH; may disrupt energy production because ATP
production depends on the proton gradient across the inner mitochondrial membrane.

2. 9. Effects of ammonia and other nitrogenous
compounds on gamete embryo and
fe tal development
Few studies to determine the effects of ammonia on mammalian gametes or zygotes
have been conducted. Gardner and Lane ( 1993) showed that ammonia at moderate
concentrations (75!-IM) significantly reduced blastocyst cell numbers in in vitro fertili zed
(IVF) mouse embryos and that the percentage of mouse embryos forming morulae were
signi ficantl y reduced at higher (0.62 mM) ammonia concentrations. They also reported
the induction of fetal exencephaly and retardation in postimplantation, rvr mouse
embryos cultured in medium containing 300 11M ammonium (Lane and Gardner, 1994).
In contrast, Fukui et al. ( 1996) reported significantly higher rates of development to
blastocysts and hatched blastocysts of bovine embryos cultured in a system without
renewal of culture media, compared to culture with renewal of media every other day,
despite significantly higher ammonia concentrations in the media without renewal.
McEvoy et al. ( 1997) conducted a study to determine the influence of feeding excess
dietary urea, and thus elevated utero-oviductal ammonia concentrations, on the
development and metabolism of pre implantation sheep embryos. They found that
embryos retrieved 3 days after artificial imsemination (AI) from ewes with high uterooviductal ammonia (HNH3) concentrations (79 !liDO! J·') were more advanced in
development than embryos from ewes with lower utero-oviductal ammonia (LNH 3)
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concentrations (37 llmoll -' )- Moreover, glucose metabo lism, measured by 1-1 10 and
"C0 2 production_at the time of embryo collection indicated that embryos from I-INH 3
ewes were significantly (P<0.06) more metabolically ac ti ve than those from LNH 3 ewes.
The most advanced embryo from HNH 3 ewes was 2.8 times more metabolically active
than the most advanced embryo from LNH 3 ewes. In a second experiment, McEvoy et al.
( 1997) auto-transferred three HNH 3 derived embryos (Day 3; AI = Day 0), seven LNH 3

derived embryos, and eight contro l embryos (one embryo /recipient) resulting in
pregnancy rates of 33%, 7 1%, and 75%, respective ly. The pregnancies resulted in the live
birth of one, two, and five lambs for HNH 3, LNH 3 , and control, respectively.
Interestingly, the male lamb derived from the HNH 3 embryo exceeded the adjusted (for
gestation length) birth weights of all other males in the study (P<0.02); weighing I 0. I kg
compared to 7.0, 7.0, and 7.5 kg for control lambs and 7.3 and 8.2 kg for LNH 3 lambs.
All female lambs weighed less than their male counterparts and all lambs were sired by
the same ram .
In a recent study by Sincla ir et al. ( 1998), they compared the development of fe tuses
derived from embryos cultured in media supplemented with sera from two steers which
had different propensities to produce ammonia. They retrieved in vivo produced embryos
from the oviduct of ewes 36 h after AI and subjected them to different culture conditions
(i.e., ei ther high or low ammonia concentrations). Fo llowing culture, embryos were
transferred singly to recipient ewes on Day 6 after AI. The gravid uteri were collected at
Day 125 of gestation for determination of fetal we ight, placental weight, and
fetal :codyledon we ight ratios. They found that embryos cultured in med ia supplemented
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with sera that had a high propensity for ammonia production resulted in fetuses that were
significantly heavier than those cultured in media supplemented with sera that had a low
propensity for ammonia production. They concluded that these culture conditions
perturbed development, resulting in gross abnormalities, including fetal oversize, and that
fetal oversize was not a result of larger placentae.

2.10. Influence of diet my protein on reproductive
efficiency in ruminants
For nearly two decades, decreased reproductive efficiency has been observed in
high-production, early lactation dairy cows fed excess protein (Bruckental et al. , 1989;
Butler et al. , 1996; Canfield eta!. , 1990; Elrod and Butler, 1993; Ferguson et al. , 1988;
Jordan and Swanson, 1979a, 1979b; Jordan et al., 1983; Larson eta!., 1997; Sklan and
Tinsky, 1993). In a review of several earlier reports, Ferguson and Chalupa (1989)
compared conception rates in lactating dairy cows to deviation from NRC
recommendations in RDP and RUP consumption (Table 1-1). Their review concluded
that, generally, as RDP intake increased, conception rates decreased. More recent studies
(Butler et al., 1996; Ferguson eta!. , 1993 ; Larson et al. , 1997) have focused on the effects
of elevated plasma urea nitrogen (PUN) or milk urea nitrogen (MUN), which are
correlated with protein intake (Broderick and Clayton, 1997; Hof et al., 1997; Preston et
al. , 1965 ; Roseler et al. , 1993), on reproductive efficiency in lactating dairy cows. The
results of these studies showed that elevated MUN results in decreased fertility in
lactating cows. The effects of elevated MUN on reproductive efficiency in lactating cows
is discussed in a later section of this review.
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Results of other studi es have fa iled to show a difference in reproducti ve effi ciency
between cows fed excess and recommended leve ls of dietary protein (Carroll et al. , 1994,
1988 ; Howard eta!. , 1987). lt is important to mention, however, that some of these
studies acco unted only for CP and not for the relative levels of RDP and RUP, thus
making interpretation of the results difficult. Barton et a!. (1996) reported that hi gh CP
diets fed to cows in early lactation resulted in increased days open only when cows had
major health problems; otherwise, high CP reduced days open. Bruckental et a!. ( 1989)
reported decreased pregnancy rates in primiparous cows and cows in their fou rth or later
lactations that were fed high RDP diets, but not in cows in their second and third
lactations fed high RDP diets. The reports by Barton eta!. (1996) and Bruckental eta!.
( 1989) suggest that reproductive performance is not equally affected in different groups
of cows consuming the same hi gh RDP diets.
Most recent reports (Bruckental et al. , 1989; Butler eta!. , 1996; Canfield et a!. ,
1990; Elrod and Butler, 1993 ; Ferguson et al. , 1988; Larson et al. , 1997; Sklan and
Tinsky, 1993) suggest that the effect of protein nutrition on fertility in dairy cows is
assoc iated with excessive consumption ofRDP , and not necessarily the total crude
protein consumption. The mechani sm(s) in which excessive RDP consumption
contribute to reproductive inefficiency are unknown but are thought to be associated with
elevated nitrogenous compounds in the reproductive tissues. Hypothetical effects of
elevated nitrogenous compounds on reproductive efficiency include: perturbation of
hormonal events orchestrated by the hypophyseal-pituitary-ovarian axis, perturbation of
gamete development in the gonads, and detrimental effects on embryo development in the
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oviducts and uterus (Staples et al. , 1993). Insight into possible mechanisms may be give n
by examining the fate of dietary protein consumed by the ruminant.
In ruminants, protein entering the reticulo-rumen in the feed is partitioned into two
pools: undegraded protein or degraded protein pools. Undegraded protein bypasses the
rumen intact and enters the small intestine where it is broken down by hydro lysis to
amino acids, which are absorbed through the intestinal wall and utilized for protein
synthesis and energy in the ti ssues. Degraded protein is broken down by hydrolysis
during fermentation in the rumen to amino acids, which are further broken down to form
ammonia. Ammonia can then be utilized for rumen microbial protein synthesis. The
rumen microbes are then passed to the intestine, where they are digested, releasing
microbial protein for absorption. Utilization of ammonia by rumen microbes is
dependent upon an adequate supply of energy (i.e., nonstructural carbohydrate) for
microbial growth. Ammonia not utili zed for microbial growth is rapidly absorbed
through the reticulo-rumen wall and delivered to the liver via the hepatic-portal vein
where it is enzymatically converted to urea. Urea is secreted into plasma where it
diffuses into other tissues and is eventually excreted by the kidneys (Chalupa, 1984).
Plasma urea is also recycled to the rumen where urease-producing microbes degrade the
urea to ammonia (Remond eta!. , 1993) (Fig.l-2). When high concentrations of ammonia
are absorbed through the rumen wall or when liver disease is present, which is common
in dairy cows, conversion of ammonia to urea may be incomplete, elevating tissue
ammonia levels (Osweiler et al. , 1976; Pearson, 1996).
Ammonia has been implicated in reproducti ve inefficiency in lactating dairy cows
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fed excess di etary protein (Ca nfield et a!. , 1990; Elrod and Butler, 1993 ; Ferguson et a!. ,
1988 ; Staples eta!. , 1993 ; Yisek, 1984). Hi gh concentrations of ammo nia or other
nitrogenous compounds are thought to be toxic to bovine gametes and/or embryos,
resulting in decreased reproductive effici ency. However, the hypotheses that ammonia
concentrations are elevated in the reproductive fluids of cows fed excess dietary protein
or that ammonia is toxic to bovine gametes or embryos have not been tested .
Another possible effect of elevated concent rations of systemic nitrogen on
reproductive efficiency is an exacerbation of negative energy status of the cow during the
early lactation and breeding periods (Staples eta!. , 1993). Early lactation dairy cows are
in a negati ve energy status because the demands of milk production on energy are greater
than the intake of dietary energy (Butler and Smith, 1989; Staples eta!., I 990; Radostits
et a!., 1994b). Negative energy status may lead to delays in return to normal postpartum
ovarian activity, li miting the number of estrous cycles prior to breedi ng, resulting in
decreased first service conception rates (Butler and Smith, 1989).
Rumen ammonia production and subsequent ammonia efflux into the portal
circulation of cows fed excess RDP increase the demands of urea synthesis in the liver,
whi ch is energetically expensive. The conversion of one molecule of ammonia to urea
via the urea cycle expends three molecules of ATP (Voet and Yoet, 1995). Staples et a!.
(1993) determined that the cost of conversion of nitrogen to urea is 5.45 kcal/ gm
nitrogen and that consumption of 500 to 1000 grams of excess protein per day could
require an additional 2 Meal/day. With energy status averaging -I I Meal/ day during
early lactation, Staples et al. ( 1993) concluded that the additional energy demands for
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urea synthesis in cows fed excess protein could exacerbate the negative energy balance by
as much as 20%. As menti oned earlier, negative energy balance has been shown to
contribute to the delay in the postpartum onset of ovarian activity (Butler and Smith,
1989). Furthermore, negative energy status during the breeding period may affect gamete
and/or embryo quality or may exert adverse affects on the environm ents in which the
oocyte and embryo develop, although these hypotheses have not been tested.

2.11. Influence of dietary protein on hormonal
function in ruminants
Studies to evaluate pituitary and ovarian hormone concentrations and activity were
among the first investigations aimed at determining the mechanjsms involved in
reproductive inefficiency due to excessive dietary protein intake in dairy cows. Jordan
and Swanson (1979a) found no significant difference in basal serum LH concentrations
on Day 2 and Day 14 during three consecutive estrous cycles in dairy cows fed 12.7, 16.3 ,
and 19.3% crude protein. There was a significant increase, however, in serum LH
concentrations 6 h following GnRH injection in cows fed 19.3 versus 12.7% crude
protein. Furthermore, they found signjficantly lower serum progesterone concentrations
on Day 14 of the cycle in which conception occurred in cows fed 19.3 versus 12.7%
dietary protein. This latter finding may be indicative of early embryonic death by an
undetermined mechanism. Blauwiekel et al. ( 1986) found no significant difference in
serum progesterone concentrations during estrus and the luteal phase in nonlactating cows
fed 15 and 25% dietary CP, nor did they find differences in pulsatile LH patterns,
pituitary LHRH receptors, or pituitary LH concentrations. Similarly, in a study to
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determine the influence of excess dietary urea on reproduction performance in ewes,
McEvoy et al. ( 1997) found no differences in plasma progesterone concentration,
magnitude of the LH surge, or ti ming of the LH surge. based on daily blood samples
co ll ec ted for twelve consecutive days from ewes fed diets containing high urea, low urea,
or no urea. Other studies have reported a delay in days to first postpartum ovu lati on in
cows fed excess dietary protein (Carroll et al. , 1988; Figueroa et al. . 1992) . suggesting a
perturbance in hormonal events leading to ovulati on in these studies. Another possi ble
cause of delayed postpartum ovulation in these studies may have been an exacerbation of
negative energy balance, as found by Butler and Smith (I 989), due to increased energy
demands for urea synthesis. Other studies fo und no difference in days to first ovulation in
cows fed excess rumen degraded protein (Canfield et al. , 1990; Son et al. , 1996).

2. I 2. Influence of diet my protein on embryo
quality in ruminants
The effects of high RDP consumption on fertility and embryo quali ty in dairy
cows have been reported. Blanchard et al. ( 1990) observed detrimental effects of hi gh
protein intake on fertility and embryo quality in superovulated, lactat ing dairy cows.
They reported a significant decrease in the percentage of fertili zed ova and percentage of
transferable ova in cows fed high levels of RDP (73 %) versus normal levels of RDP
(64%). Similarly, in a study to determine the influence of excess dietary urea on the
viabi lity on preimplantation sheep embryos, McEvoy et al. (I 997) found that fewer
embryos classified as viable were produced from ewes fed high level s of urea compared
to ewes fed low levels or no urea. Ewes fed no urea, low urea, or high urea produce a
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total of 22, 11 , and 7 embryos (P>O.l 0), respectively ; of which 20 , 10, and 3 were
classified as viab le (P<O.O 1). They found ovu lation rates were unaffected by dietary
treatment. Conversely, Garcia-Bojalil et al. ( 1994) failed to show an effect of protein
intake on fertility or embryo quality in non lactating dairy cows.

2. I 3. Influence of dietwy protein on the uterine
environment in ruminants
Some effects of protein consumption on reproductive fluid constituents in early
lactation dairy cows have been reported. Excess consumption of RDP in dairy cows often
results in increased levels of plasma urea nitrogen (PUN) and blood ammonia (AbdulWahid et al. , 1984; Blauweikel et al. , 1986; C laypool et al. , 1980; Ferguson et al. , 1993 ;
Jordan et al. , 1983; Rose ler et al., 1993). Elevated levels of urea in the uterine fluids
(Duby et al. , 1984; Elrod et al. , 1993 ; Jordan et al. , 1983) and lowered uterine pH and
elevated urinary ammonia on Day 7 of the estrous cycle (Elrod and Butler, 1993 ; Elrod et
al. , 1993) have also been reported in dairy cows fed excess RDP. Jordan et al. (1983)
reported that uterine Mg, K, and P were significantly lower in cows fed 23% versus 12%
CP diets during the luteal phase of the cycle but not during estrus. However, neither
follicular fluid constituents nor ammonia concentration in uterine secretions in lactating
dairy cows has been reported . McEvoy et al. ( 1997) found that utero-oviductal urea and
ammonia concentrations were elevated in flushing media collected during embryo
recovery on Day 3 from of ewes fed high urea (HU) diets compared to ewes fed diets
containing no urea (control). The concentrations of utero-oviductal urea from ewes fed
HU versus control diets were 0.6±0.12 and 0.2±0.06 mmoll· ' (P<O.OS), respecti vely. The
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concentrations of utero-oviductal ammonia from ewes fed HU versus control diets we re
79± 14.8 and 37±4.8 f!mo!I·' (P<0.05), respectively. The actual utero-oviductal ammonia
and urea concentrations in these ewes was substantially higher due to dilution by the I 0
ml vo lume of flushing media used to collect the embryos.

2. 14. Plasma and milk urea nitrogen
concentration in relation to reproductive
efficiency in dairy cattle
Dietary protein utilization is most efficient when the amount ofN supplied by the
diet is equal to the N required for rumen microbial protein synthesis and ruminant tissue
metaboli sm. Urea nitrogen is formed in the li ver as the end product of protein
metabolism and is the primary form of excretory N in mammal s. Dietary N supplied in
excess of microbial and metabolic need results in elevated plasma urea nitrogen (PUN).
Preston et a!. ( 1965) reported a high correlation (r = .986) between PUN and dietary
protein intake. Numerous studies have shown that PUN is elevated in cows fed excess
levels of dietary protein (Baker and Ferguson, 1994; Baker eta!. , 1995; Barton eta!. ,
1996; Broderick and Clayton, 1997; Bruckental et a!., 1989; Canfie ld et a!., 1990; Carroll
eta!., 1988; Folman eta!. , 1981 ; Hof eta!. , 1997; Howard eta!. , 1987; Roseler eta!. ,
1993; Staples eta!., 1993). Furthermore, milk urea nitrogen (MUN) concentrations are
highly correlated with PUN concentrations with correlation coefficients of~= 0.76
(Rose ler et al. , 1993), ~ = 0.92 (Baker and Ferguson, 1994), and ~= 0.84 (Broderick and
Clayton, 1997). Therefore, MUN serves as a reliable index of efficiency ofN utilization
in lactating dairy cows. Milk urea nitrogen concentrations are now routinely analyzed by
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Dai ry Herd Improvement Association laboratories allowing routine monitoring of N
utilization efficiency in dairy herds.
Several reports have shown that elevated M

and PUN are associated with

decreased reproducti ve effic iency in lactating dairy cattle (Butler et al. , 1996; Elrod and
Butler, 1993; Ferguson et al. , 1988, 1993 ; Larson et al. , 1997). In contrast, Carroll et al.
(1988) and Ruegg et al. (1992) found no relationship between PUN and first-service
conception rate. In a study aimed at examining the relationship between PUN and
conception rate, Ferguson et al. ( 1993) found that lactating dairy cows with PUN
concentrations < 10 mg/di were 2.7 times more likely to conceive at first -service
compared to cows with PUN concentrations > 25 mg/dl. They also found that cows with
PUN concentrations of 10 to 14.9 mg/dl had higher first-service conception rates (45.6%)
compared to cows with PUN concentrations > 25 mg/dl (30.0%) . Furthermore, analysis
of conception rates for cows with PUN concentration > 20 mg/dl and cows with PUN
concentrations < 20 mg/dl resulted in likelihood ratios of 0.82 for cows with PUN
concentration > 20 mg/dl and 1.04 cows with PUN concentrations < 20 mg/dl, suggesting
that low PUN is favo rable for conception.
In two ex periments involving I 60 lactating dairy cows (exp. I) and ISS lactating
dairy cows (exp. 2), Butler et al. ( I 996) also found high PUN concentrations to be
detrimental to pregnancy rate in lactating dairy cows. In the first experiment, they found
cows with PUN

5

I 9 mg/dl had a higher (P < 0.02) pregnancy rate (53%) than cows with

PUN > 19 mg/dl (3 5%). The second experiment yie lded similar results, wi th pregnancy
rates o f 68% and 47% in cows with PUN 5 !9 mg/dl and PUN > 19 mg/d l, respecti vely (P
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< 0.02). They determined that cows with PUN < \6 mg/dl were 3.3 times more likely to
become pregnant followin g AI than cows with PUN concentrati ons of 19-2 1.9 mg/dl.
They concluded that PUN concentrations greater than 19 mg/dl were associated with
decreased pregnancy rates in dairy cattle.
Larson et al. ( \997) conducted a study to further delineate the association of
elevated urea nitrogen concentrations with reduced fert ility in lactating dairy cows. In
their study, they determined : ( l ) MUN concentrations at the time of breeding; (2)
progesterone concentrations from milk samples collected twice daily for 7 days, starting
on the day of insemination, as well as Day 14 and Day 21 after insemination to evaluate
luteal function and to veri fy the accuracy of cows returning to estrus; and (3) pregnancy
status 7 weeks postbreeding. The combined results of the progesterone determinations
and the pregnancy examinations were used to distribute the cows into three groups: ( I)
pregnant, (2) nonpregnant with low progesterone concentration(< 2 ng/ml) on Day 3 and
Day 2 1, and (3) nonpregnant with high concentration of progesterone

(~2

ng/ml) on Day

2 1. They found that the interestrous interval was higher for cows in group 3 than group 2.
They also found that MUN was higher in cows in group 2 compared to cows in group I or
group 3. Because cows in group 2 had normal (19-22 d) interestrous intervals, they
concluded that these cows suffered from fertili zation failure or from embryonic death
prior to maternal recognition of pregnancy. Supporting earlier findings by Ferguson et al.
(1993) and Butler et al. ( 1995), Larson et al. (1997) found that MUN was negatively
associated with pregnancy rate, in addition to being negatively associated with lengthened
interestrous intervals.
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fn conc lusion, most studies to date have shown that consumpti on of excess dietary
protein. especially excess RDP , contributes to reproductive inefficiency in early lactation
dairy cows. Furthermore, elevated MUN is associated with decreased first-service
conception rates, increased services per concepti on, and increased number of days open.
Most studies have found no effect on days to first ovulation in cows fed excess dietary
protein . The mechani sms by which excess dietary protein consumpti on causes
reproductive ine ffic iency in lactating cows are largely unknown. However, the re is
evidence that excess dietary protein consumption alters the uterine environment (pH and
ion concentration) and is detri mental to embryo quality in superovu lated, lactating dairy
cows. Although the effects of excess RDP consumption on ammonia concentrations and
embryo deve lopment have not been determined in cows, they have been shown to
increase ammonia concentrations in the uterine flushings and perturb embryo metabolism
in sheep. Further research is needed to isolate the mechanisms responsible fo r
reproductive inefficiency in lactating cows fed excess dietary protein . Little is known
about the interactions between metabolic status and reproduction or how the animal
senses metabolic status to regulate reproductive function (Foote, 1996). Future research
aimed at delineating the metabolic regulation of reproductive functions (i.e., oocyte
maturation and developmental competence, embryo metabolism, follicular growth and
ovulation, sperm maturation and capacitation) should shed more light on the interactions
between nutrients and metabolites, and reproductive efficiency .

3. Research objectives
The hypothesis that elevated ammonia in the reproductive fluid s, generated from
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rumen degradation of protein, leads to gamete and/or embryo toxicity and contributes to
reproductive inefficiency in early lactation dairy cows generated three research
objecti ves:
I.

Determine the concentrations of anunonia in normal bovine follicular fluid (bFF)
during different stages of follicle development.

2.

Determine the effects of various concentrations of ammonia on the bovine embryo
during specific stages of development.

3.

Determine if plasma urea nitrogen concentration is associated with elevated
ammonia and urea nitrogen concentrations in the reproducti ve fluids during estrus
and the luteal phase of the estrus cycle.
These research objectives represented an opportunity to contribute to the knowledge

and understanding of the mechanisms involved in reproductive inefficiency in early
lactation dairy cows with elevated PUN, as a result of excess rumen degradable protein
intake. Knowledge of the mechanisms involved should provide insight into improving
management and feeding practices to improve reproductive efficiency in dairy cows.
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Table 1-1
Conception rates (CR) in lactating dairy cows versus dietary RDP and RUP deviation
(+/-)from NRC recommendations

n

CR

RDP g/day

RUP g/day

Folman et al. , 1973

20
19
20

69
56
44

-327
-56
+476

-282
-362
-119

Edwards et al. , 1980

9
9
9

44
39
37

+49
+282
+552

-279
+43
+ 141

Jordan et al. , 1983

15
15
15

68
54
41

-18 1
+269
+505

-563
-357
-183

Roffler et al., 1983

18
17

50
36

-36
+592

-320
+21

Kaim et al. , 1983

33
20

63
44

-85
+259

-499
-340

Ferguson et al., 1986

59
44

47
23

0
+473

0
+34

Study

Adapted from Ferguson and Chalupa ( 1989)
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Table 1-2
Estimates of crude protein (CP) and rumen undegraded protein(RUP) in common feed
sources

CP% (mean ± SO)

UIP/CP (mean ± SO)

Alfa lfa hay

19 ± 3

28 ± 7

Alfa lfa silage

19 ± 3

23 ± 8

Com si lage

8±1

31 ± 6

98 ± 5

82 ± I

Corn gluten meal

47 ± 4

55± 8

Cottonseed meal

44±6

43 ± II

Fish meal

67 ± 4

68 ± 13

Soybean meal

55± 3

26 ± 12

Feed source
Roughages

Protein supplements
Blood n

'?

Sunflower meal

45 ± 5

26 ± 5

Urea

298'

2

Com, flaked

10± I

58

Corn, ground

10± I

59 ± 13

Com, high moisture

10 ± I

63 ± 13

Com , whole

10 ± I

52± 18

Energy supplements

a

Protein equivalent

Adapted from NRC ( 1989) and Sirois ( 1995)
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Fig. 1-1. Bovine hormone and follicular wave patterns illustrated in a three-wave cycle.
Follicular development (top panel) is correlated with hormonal events (bottom panel) of
the estrous cycle. Selection of the dominant follicle requires acquisi tion of granulosa cell
LH receptors. Selection of the dominant fo llicle and growth arrest of its subordinate
fo llicles coincides with a decrease in FSH concentrations (G inther et al., 1996;
Stevenson, 1997).
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Fig. 1-2. lllustration of protein metabolism in the lactating cow showing the rumen
degraded protein (RDP) and rumen undegraded protein (RUP) pools and the degradation
of protein to amino acids (AA) and ammonia (NH3). Ammonia is utilized by rumen
microbes for synthesis of microbial protein(MP). Ammonia not utilized for MP synthesis
is rapidly absorbed across the rumen wall and delivered to the liver for urea synthesis.
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CHAPTER2
AMMONIA CONCENTRATION IN BOVINE FOLLICULAR FLUID FROM
DIFFERENT FOLLICLE SIZES AND THE EFFECT OF AMMONIA DURING
IN VITRO MATURATION ON THE SUBSEQUENT DEVELOPMENT
OF PREIMPLANTATION BOVINE EMBRYOS'

Abstract
Two experiments were conducted to investigate the effects of follicle size on ammonia
concentration in bovine follicular fluid (bFF) (Experiment I) and the effects of ammonia
during in vitro maturation on preimplantation bovine embryo development (Experiment
2). In Experiment I, 80 bFF samples were collected from four sizes (< I mm, 2-4 mm, 58 mm, and > I 0 mm) of follicles from abattoir ovaries and the ammonia concentration in
the bFF from each follicle size was measured. Ammonia concentration was significantly
(P < 0.001) higher in the bFF from smaller follicles compared to bFF from larger follicles

and ammonia concentration decreased as follicle size increased. In Experiment 2, a
randomized complete block design with six treatments in nine blocks was used. Abattoir
oocytes (n = 2,885) were in vitro matured in the media containing ammonia at the
concentrations of 0 11M (Control), 29 11M (A I), 88 11M (A2), 132 11M (A3), 176 11M (A4),
and 3 56 11M (AS), followed by in vitro fertili zation and culture. There

'Coauthored by D.S. Hammon, S. Wang, and G.R. Holyoak.
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was no difference (P > 0.05) in cleavage rates, nor was there a difference (P > 0.05) in
morula or blastocyst production between treatments, indicating exposure of bovine
oocytes to ammonia during in vitro maturation does not adversely influence the
subsequent embryonic development in vitro.

I. Introduction

Ammonia has recently received attention as a biochemical compound that may
adversely affect oocyte and/or embryo deve lopment (Gardner and Lane, 1993 ; Hammon
et al. , 1997; McEvoy et al. , 1997; Sinclair et al., 1998). In culture systems, ammonia
generated from metabolism and spontaneous breakdown of amino acids is generally
thought to be toxic to most cultured cells, including gametes and embryos. Furthermore,
recent studies by McEvoy et al. ( 1997) and Sinclair et al. (1998) indicate that ammoni a
may affect fetal development and growth rates.
Gardner and Lane ( 1993) have studied the effects of ammonia on developing mouse
embryos. They reported that moderate concentrations of ammonia in culture media
resulted in reduced blastocyst formation and cell numbers. They later reported that
ammonia in the embryo culture media reduced implantation following transfer, retarded
fetal growth, and induced fetal exencephaly in mouse embryos in a concentrationdependent manner (Lane and Gardner, 1994). This work has led to the development of
methods to reduce ammonia concentrations in embryo culture systems (Lane and
Gardner, 1995). Recentl y, Hammon et al. (1997) reponed that continuous exposure of
preimplantation bovine embryos to high physiologic concentrations of ammonia during in
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vitro culture reduced blastocyst development. Furthermore, McEvoy eta!. (1997) showed
that Day 3 ovine embryos collected from oviducts with elevated ammonia concentrations
had elevated glucose metabolism and reduced viability compared to embryos collected
from oviducts with lower ammonia concentrations.
In vivo, ammonia concentrations may be altered through changes in nutriti on and
physiological condition. It has been suggested that excessive degradation of protein in
the rumen may result in elevation of ammonia concentrations in the fluids of reproductive
tract, resulting in gamete or embryo toxicity and decreased reproductive efficiency
(Ferguson eta!., 1988 ; Staples eta!. , 1993 ; Visek, 1984). McEvoy eta!. (1997) reported
that ammonia concentrations in utero-oviductal samples were elevated in ewes fed high
urea diets. Several authors have suggested that elevated ammonia in the reproductive
fluids may be a factor in decreased conception rates, increased days open, and increased
services per conception in lactating dairy cows fed excess rumen degraded protein
(Bruckental eta!., 1989; Butler et a!., 1996; Canfield eta!., 1990; Elrod and Butler, 1993 ;
Ferguson eta!., 1988, 1993 ; Ferguson and Chalupa, 1989; Jordan and Swanson, 1979;
Larson eta!., 1997; Sklan and Tinsky, 1993). There are few reports of the variation of
ammonia concentrations in reproductive fluids at different physiological status (Hammon
eta!. , 1998; McEvoy eta!., 1997). Hammon eta!. ( 1998) recently reported that ammonia
concentrations were elevated in bovine follicular fluid from follicles
those from follicles

~

$

5 mm compared to

15 mm. Despite these recent reports, the role of ammonia in

reproductive processes, its effects on gametes and embryos during different stages of
development, or the concentrations of ammonia in the microenvironments of developing
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oocytes or embryos, remain largely unknown.
The objectives of the present study were to ( I) investigate the effect of stage of
fo llicle development on ammonia co ncentration in bovine follicular fluid and (2) to
evaluate the effects of ammonia on oocyte maturation, and subsequent fertilization and
embryo development, using in vitro techniques of embryo production.

2. Experimental design

2.1. Experiment I
Effects of follicle size on ammonia concentrati on in the bovine follicular fluid (bFF)
were investigated using a randomized complete block design with fo ur treatments in four
blocks. Each of the four blocks cons isted of five ovaries from the same co llection of
abattoir ovaries. Four treatments, based on follicle diameter, were used for each ovary: <
lmm (TRT 1), 2-4 mm (TRT 2), 5-8 mm (TRT 3), and 10-15 mm (TRT 4). There was a
total of20 follicular fluid samples in each of the four treatment groups.

2.2. Experiment 2
Effects of ammonia concentration during in vitro maturation (IVM) of bovine oocytes
were compared in terms of oocyte cleavage, morula production, and blastocyst
production, using a randomized complete block design with six treatments in nine blocks.
Each of the nine blocks consisted of oocytes from the same collection of abattoir ovaries.
A total of 2,885 bovine oocytes was used. Six treatments (Table 2-1) consisted of
ammonia (Sigma, A-0171 , Sigma Chemical Co. , StLouis, MO, USA) added to the
maturation media at concentrations of: 29 J.!M (A I), 88 11M (A2), 132 J.!M (A3), 176 J.!M ,
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and 356

~M

(AS). Treatments were selected to simulate normal and excess ive

physiologic ammonia concentrations. Maturation media with no added ammon ia were
used as !VM controls (CTRL).

3. Materials and methods
3.1. Collection offollicular fluids and measurement
of ammonia concentration
Ovaries were collected fresh from a local abattoir, placed on ice, and immediately
transported to the laboratory for the collecti on of bFF. At the laboratory, ovarian fo llicles
were individually measured and sorted according to the experimental design. Fifty

~L

of

bFF was collected from each size follicle by asp irating follicles using a 25 ga x 1 inch
hypodermic needle attached to a

5 0-~L

pipettor and di sposable pipette tip, and

immediately analyzed for ammonia concentrations. Follicular fluid ammonia
concentrations were determined using an autoanalyzer (Kodak Ectachem DT ll System®
serum chemistry analyzer, Eastman Kodak Co. , Clinical Products Di v., Rochester NY,
USA) and a commercial ammonia chemistry kit (Ammonia DT Chemistry, CAT !53
2589, Johnson and Johnson Clinical Diagnostics Inc., Rochester NY, USA) according to
the manufacturer's instructions.

3. 2. In vitro production of bovine embryos
Ovaries were collected from a local abattoir. Oocytes were aspirated from small
antral follicles (3 to 8 mm in diameter) as described by Hawk and Wall (1994). Cumulus
oocyte complexes (COCs) with evenly granulated ooplasm and surrounded by several
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layers (at least 3 to 4 layers) of compact cumulus cell s were se lected for use according to
the oocyte grad ing system described by Hawk and Wall (1994). Oocytes were washed
three times with Hepes-T ALP solution (Parri sh et al. , 1988) and once with maturation
medium. The maturation medium consisted of M-199 plus I 0% (vol/vo l) fetal bovine
serum (FBS), 25 mM HEPES , 2 mM gl utamine, 0.25 mM sod ium pyruvate, 0.5 Jlgl ml
ovine FSH (F-4520, Sigma Chemical Company, St. Lou is, MO, USA), 5.0 J.l g/ml ovine
LH (L-5269, Sigma) 1.0 J.l g/ml estradiol (E-2258 , Sigma), and NH,C I according to the
experimental design. Polystyrene plastic 4-well culture petri dishes (NunclonR, Nunc
Inc ., Napervi lle, IL, USA) were used for IVM culture. Each well contained 500 J.il IVM
medium covered with paraffin oil. Approx imately 40 to 65 oocytes were transferred to
the IVM medium and cultured in a humidified 5% C0 2 atmosphere at 39 'C for 24 h.
Cryopreserved bovine semen was used for in vitro ferti lization (IVF). Live sperm
were separated by Percoll gradients (45% and 90% on the upper and lower layers,
respectively) and centrifuged at 500 x g for 30 min. Motile spermatozoa were added to
the fertilization medium (Fert-TALP, Parri sh et al. , 198 8) to provide a final concentration
of 2 x I 0 6 per mi. Capacitation of spermatozoa occurred in Fert-T ALP containing I 0 J.lg
heparinlml and 0.6% fatty acid free bovine serum albumin. IVM matured oocytes were
added to Fert-TALP containing spermatozoa and cultured in plastic 4-well petri dishes
(NunclonR, Nunc Inc., Naperville, IL, USA) under paraffin oil in a humidified 5% C0 2
atmosphere at 39 'C for 17 h. Each we ll contained 500 J.il Fert-TALP and approximately
40 to 65 oocytes.
Cumulus and corona cells were removed from ova by vortexing in Hepes-TALP
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supplemented with 0.3% bovine serum albumin for 3 min. The presumptive zygotes
were then cultured in plastic 4-well petri dishes (NunclonR, Nunc Inc. , Naperville, lL,
USA) under paraffin oil at 39

oc in a humidified 5% C0 2 atmosphere.

A modified CR2

medium (Wang et al., 1998) compri sing I 08.3 mM NaC I, 2.9 mM KCI , 24.9 mM
NaHC0 3 , 2.5 mM hemicalcium lactate, 0.5 mM sodium pyruvate, BME amino acids (B6766, Sigma), MEM nonessential amino acids (M-7145 , Sigma), 0.5 mM glycine, 0.5
mM alanine, 1.0 mM glutam ine, 1.0 mM glucose, and antibiotics was used to cu lture
embryos. Each well contained 500 J.ll CR2 medium with approximately 40 to 60 oocytes.
During cul ture, medium was changed every other day. The cleavage rate was determined
48 h after the exposure of the in vitro matured oocytes to spermatozoa during IVF and
embryos were examined for development on Days 6, 8, and I 0 (Day 0 = lVF) of culture
using an inverted microscope at I 00 x.

3.3. Statistical analysis
Data from Experiments I and 2 were analyzed by the use of a general linear model
(GLM) ANOV A. Fisher's least significant difference (LS D) at 5% significant level (P <
0.05) was used to test the differences between treatments. Percentage data in Experiment
2 were angularly transformed before statistic analysis. The NCSS (Number Cruncher
Statistical System) Version 5.0 1 computer software package (Hintze, 1987) was used for
all statistical analyses.

4. Results
In Experiment I, ANOV A indicated that ammonia concentrations in the bFF from
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different size follicles were significantly (P < 0.000 I) different. Further analysi s using
Fisher' s Least Significant Difference indicated that ammonia concentrations were highest
in the smallest follicles (TRT I) and decreased as follicle diameter increased (Fig. 2-1).
The bFF ammonia concentrations were: 365.8 ± 50.7

~mol/L ,

247 ± 24.3

~mol/L ,

133.7

± 21.2 ~mol/L , and 33 ± 10.2 ~mol/L for TRT I, TRT 2, TRT 3, and TRT 4,

respectively. There was no difference (P = 0. 72) in ammonia concentrations between
follicles within the same diameter range from different ovaries.
In Experiment 2, ANOV A indicated there were no significant differences (P > 0.05)
in cleavage rates, degenerate ova, morula development, blastocyst development , or
expanded and hatching blastocyst development when oocytes were exposed to various
concentrations of ammonia during IVM (Table 2-1).

5. Discussion
As shown by the results of Experiment I, ammonia concentrations in bFF were
highest in small follicles and decreased as follicle diameter increased (Fig. 2-1 ),
indicating a dynamic pattern of ammonia concentration in developing follicles. These
data further indicate that immature oocytes and follicular cells develop in a
microenvironment that contains concentrations of ammonia higher than those in the
microenvironments of most somatic cells. Ammonia concentrations in blood ranged
from 4 ~M (Visek, 1984) to 50 ~M (McEvoy et al. , 1997) for ruminants fed normal diets.
To our knowledge, this is the first study to examine ammonia concentrations in bFF
during different stages of follicular development as indicated by the follicular size.
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The mechanisms responsible for elevated ammon ia concentrations in the fo llicu lar
fluid of small fo llicles are unknown. However. high concentrat ions of ammonia in small
fo ll icles may be a by-product of hi gh metabolic activity during early fo llicular
development, as rapid expansion of granulosa cell s, increase in oocyte mass, and increase
in protein content occur during the preantral and earl y antral stages of fo ll icu lar
development (Telfer, 1998). It is also possible that ammonia uptake by granulosa cell s is
inhibited by elevated potassium concentrations in follicular fluid of small follicles.
Martine li e and Haggstrom ( 1993) reported that active intracellular transport of
ammonium ions occurs via transport proteins like the Na+ IK- -ATPase and the Na+ K2CI· -co transporter. Furthermore, they showed that excess potassium ions inhibited
intracellular ammonium ion transport due to competiti ve binding to the transport proteins.
There is evidence that potassium concentrations are elevated in folli cular fluid fro m small
follicl es (Godsen eta!. , 1988). Chemical analysis of follicular fluid in our laboratory,
derived from both postmortem and antimortem bovine ovaries, indicates that potassium
is elevated in the fluid of small follicles relative to large follicles (unpublished data). The
lower concentrations of ammonia in larger foll icles may be a result of dilution by the
rapid accumulation of fluid in the antrum during later stages of follicular development
(Ginther eta!., 1996; Godsen eta!. , I 988). It is unlikely that elevated ammonia in small
follicles is due to atresia. In a review of follicular development, Fortune ( I 994) reported
that only 30% of 1.5 to 3. 7 mm bovine follicles are atretic compared to 67% of 3. 7 to 8.6
mm follicles and 60% of follicles> 8.6 mm in diameter. Consequently, if elevated bFF
ammonia concentrations were associated with atresia, one would expect the ammonia
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concentrations to be highest in the follicular fluid from larger fo ll icles, which have a
hi gher percentage of atresia. The resu lts of Experiment I do not support follicular atres ia
as a cause elevated ammonia in small fo llicles.
In Ex periment 2, the exposure of bovine oocytes to ammonia co ncentration during
IVM did not adversely in fl uence oocyte cleavage, nor the morula and blastocyst
development (Table 2- 1) compared to the control. These results indicate that bovine
oocytes can tolerate elevated concentrati ons of ammonia during IVM as detem1 ined by
the subsequent embryonic development in vitro. The results from the in vitro experiment
agree with the observation that bovine oocytes develop in a microenvironment containing
hi gh concentrations of ammonia, and can tolerate ammonia during early maturation
development in vivo (Experiment I).
In conclusion, the results of the present experiments indicate that the early maturation
of bovine oocytes in vivo occurs in a microenvironment containing high concentrations of
ammonia and that the concentrations of ammonia decrease as fo llicular development
proceeds. By using in vitro embryo production techniques, bovine oocytes tolerated
at11monia concentrations simi lar to or even higher than those found in the early antral
stages of follicular development during IVM, and no significant adverse effect was
observed in the subsequent embryonic development followed by IVF and IV C.
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Table 2-1
Deve lopment of bovine embryos treated with ammonia' during in vitro maturation

Nu mber and percentage(%) ' of cleaved ova that develop to :

Treatment'

Oocytcs matured

Cleavage rate at 48 h ••

Degenerate ova
Day6•••

Morulae at
Day 6

Blastocysts at
Day 8

Expanded and hatchin g at
Day 10

CTRL

499
467
479
473
496
471

391(78.4)
394(84.4)
396(82. 7)
369(78.0)
404(8 1.5)
385(8 1.7)

102(26. 1)
106(26.9)
120(30.3)
105(28.4)
11 9(29.5)
112(29. t )

130(33 .2)
11 8(29.9)
101(25.5)
10 1(27.4)
12 1(30.0)
102(26.5)

4 1( 10.5)
44( 11.2)
30(7.6)
3 1(8 4)
42(10.4)
33{8.6)

20(5. 1)
23(5.8)
17(4.3)
23(6.2)
24(5.9)
30(7.8)

AI
A2
A3
A4
A5
1

The in vitro fertilization process was executed in medium containing various concentration s ofN II 4 CI..
• The percentage of each treatment in thi s table represents six replications.

•• 0 h = the time when the in vitro matured oocytes were addt!d to Fert·TALP containing spermatozoa .
.. , Day 0 = in vitro ferti li zatio n.
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Fig. 2-1 . Ammonia concentrations (mean ± SEM in J.lmol) in bovine follicular fluid from
follicles of various diameter (mm) collected from abattoir ovaries.
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CHAPTER3

EFFECTS OF AMMONIA DURING DIFFERENT STAGES OF CULTURE ON
DEVELOPMENT OF IN VITRO PRODUCED BOVINE EMBRYOS'

Abstract
The effects of addition of ammonia in the media during in vitro fertilization (IVF),
culture (IV C), and throughout maturation (IVM), IVF, and IVC were evaluated using a
randomi zed complete block design. Ammonia was added to the media at the
concentrations of: 0 11M (AO), 29 11M (A I), 88 11M (A2), 132 11M (A3), 176 11M, and 356
11M (AS) during IVF (Experiment 1), during IVC (Experiment 2), and throughout IVM ,
IVF, and IVC (Experiment 3). In Experiment I, there were no differences (P > 0.05)
between treatments in the oocyte cleavage rates, proportion of degenerate ova, or
proportion of ova that developed to morula when oocytes were exposed to ammon ia
during IV F only. However, there was a significant (P < 0.05) increase in embryos that
developed to blastocysts and to expanding and hatching blastocysts in IVF media
containing moderate concentrations of ammonia compared to that in the control. In
Experiment 2, there were no differences (P > 0.05) between treatments in cleavages rates
or proportion of ova that developed to morula. However, ammonia in the IVC media
significantly (P < 0.05) increased the proportion of degenerate ova and significantly (P <

'Coauthored by D.S. Hammon, S. Wang, and G.R. Holyoak.
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0.05) decreased the proportion of ova that developed to blastocysts. In Expe riment 3,
cleavage rates tended (P = 0.06) to be higher for control groups than fo r treatment groups
and the proportion of ova developing to morulae was signifi cantly (P < 0.05) higher in
media containing moderate concentrations of ammonia than that in the control groups.
There were no significant (P > 0.05) differences between treatments in proportion of
degenerate ova or proportion of ova that deve loped to blastocysts. In concl usion, the
results of the present study indicate that ammonia may have either positive or negati ve
effects on bovine preimplantati on embryo development depending on the concentratio n of
ammonia, the duration of exposure, or the stage of development when exposed to
ammonia.

1. Introduction

Ammonia has recently recei ved attention as a biochemical compound that may
adversely affect embryo and feta l development. Cellular metaboli sm and spontaneous
breakdown of amino acids in the culture media may generate excess ammonia in the
biological systems and it is generally thought to be toxic to most ce ll s, including gametes
and embryos both in vitro (Gardner and Lane, 1993 ; Lane and Gardner, 1994) and in vivo
(McEvoy et al. , 1997; Sinclair et al., 1998). Gardner and Lane ( 1993) reported that
blastocyst formation and cell numbers were significantl y reduced when culture media
contained 75 11M ammonia. They later reported that ammonia in the embryo culture
media reduced implantation following transfer, retarded fetal growth, and induced fetal
exencephaly in mouse embryos in a concentration-dependent manner (Lane and Gardner,
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1994). Furthennore, studies by McEvoy eta!. ( 1997) and Si nclair eta!. ( 1998) indicate
that ammonia may reduced embryo viab ility, or affect fetal development and feta l growth
rates.
Several studies have indicated that lactating dairy cows fed excess rumen degraded
protein have decreased conception rates, increased days open, and increased services per
conception (Bruckental eta!., 1989; Butler eta!. , 1996; Canfield eta!. , 1990; Elrod and
Butler. 1993; Ferguson eta!., 1988, 1993 ; Ferguson and Chalupa, 1989; Jordan and
Swanson, 1979; Larson et a!. , 1997; Sklan and Tinsky, 1993). It has been suggested that
degradation of protein in the rumen leads to elevated ammonia concentrations in the
reproductive fluid s, resulting in gamete or embryo toxicity and decreased reproductive
effic iency (Ferguson eta!., 1988 ; Staples eta!. , 1993; Visek, 1984). In spite of these
reports, the effects of ammonia on preimplantation bovine development remain largely
unknown .
The objectives of the present study were to compare the effects of add ition of
ammonia into the media during in vitro fertilization (Experiment I), during culture
(Experiment 2), and throughout in vitro maturation, ferti lization, and culture (Experiment
3) on the development of preimplantation bovine embryos.

2. Materials and methods
Ovaries were collected from a local abattoir. Oocytes were aspirated from small antral
follicles (3 to 8 rnm in diameter) as described by Hawk and Wall ( 1994). Cumulus oocyte
complexes (COCs) with evenly granulated ooplasm and surrounded by several layers (at
least 3 to 4 layers) of compact cumulus cells were selected for use according to the oocyte
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grading system described by Hawk and Wall (1994). Oocytes were washed three times
wi th Hepes-T ALP so lution (Parrish et al. . 1988) and once with maturati on medium . The
maturation medium consisted of M-1 99 plus I 0% (vol/vol) fetal bovine serum (FBS) , 25
mM HEPES , 2 mM glutamine, 0.25 mM sodi um pyruvate, 0.5 >tg/ml ovine FSH (F-4520,
Sigma Chemical Company, St. Louis, MO, USA), 5.0 >tg/ml ovine LH (L-5 269, Sigma)
1.0 >t g/ml estradiol (E-2258, Sigma). In vi tro maturation (IVM) of oocytes followed the
procedure of Sirard et al. (1988). Polystyrene plasti c 4-well culture petri dishes (Nunclon",
Nunc Inc., Naperville, IL, USA) were used for IVM culture. Each well contained 500 >tl
IVM medium covered with paraffin oil. Approx imately 40 to 65 oocytes were transferred
to the IVM medium and cultured in a humidified 5% C0 2 atmosphere at 39 'C for 24 h.
Cryopreserved bovine semen was used for in vitro fertilization (IVF). Live sperm
were separated by Percoll gradients (45 % and 90% on the upper and lower layers,
respecti vely) and centrifuged at 500 x g for 30 min. Motile spermatozoa were added to the
fertili zation medium (Fert-TALP, Parri sh et al. , 1988) to provide a final concentration of2
x 106 per mi. Capacitation of spermatozoa occurred in Fert-TALP containing 10 >tg
heparin/ml and 0.6% fatty acid free bovine serum albumin. IVM-matured oocytes were
added to Fert-TALP containing spermatozoa and cultured in plastic 4-well petri dishes
(NunclonR, Nunc Inc. , Naperville, IL, US A) under paraffin oil in a humidified 5% C0 2
atmosphere at 39 'C for 17 h. Each well contained 500 >tl Fert-TALP and approximately
40 to 65 oocytes.
Cumulus and corona cells were removed from ova by vortexing in Hepes-TALP
supplemented with 0.3% bovine serum albumin for 3 min. The presumptive zygotes were

98
then cultured in plastic 4-well petri dishes (NunclonR, Nunc Inc. , Napervi lle, IL, USA)
under paraffin oil at 39

oc in a humidified 5% C0 2 atmosphere. A modified CR2 medium

(Wang eta!. , 1998) compri sing I 08 .3 mM

aCI , 2.9 mM KCI, 24 .9 mM NaHC0 3, 2. 5

mM hemicalci um lactate, 0.5 mM sodium pyruvate, BME amino ac ids (B-6766, Sigma),
MEM nonessential amino acids (M-7145 , Sigma), 0.5 mM glycine , 0.5 mM alanine , l.O
mM glutamine, l.O mM glucose, and antibiotics was used to cul ture embryos. Each well
contained 500

~I

CR2 medium with approximately 40 to 60 oocytes. During culture,

medium was changed every other day so that it was supplemented with 5% (vol/vol) feta l
bovine serum on Day I (Day 0 = IVF), 10% on Day 3, 15% on Day 5, and 20% on Day 7
of culture (Zhang et al. , 1992). The cleavage rate was determined 48 h after the exposure
of the in vitro matured oocytes to spermatozoa during IVF and embryos were examined for
development on Days 6, 8, and I 0 of culture using an inverted mi croscope at I 00 x.

3. Experimental design

3.1 Experiment I
Effects of ammonia concentration during IVF were compared in terms of oocyte
cleavage, ova degeneration rate, and morula and blastocyst production, using a randomized
complete block design. A total of I,789 bovine oocytes was used . Each of the six
replicates consisted of oocytes from the same collection of abattoir ovaries. Six treatments
(Table 3-l) consisted of ammonia (Sigma, A-017 1, Sigma Chemical Co. , StLouis, MO,
USA) added to the fertilization media at concentrations of: 0
~M

(A2), 132

~M

(A3), 176

~M

(A4), and 356

~M

~M

(AO), 29

~M

(AI), 88

(AS). Treatments were se lected to

simulate normal and excessive physiologic ammonia concentrations. Oocytes ferti lized in
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media with no added ammonia (AO) were used as IVM controls.

3. 2. Experiment 2
Effects of ammonia concentration during IVC were compared in tenns of oocyte
cleavage. ova degeneration rate, and morula and blastocyst production, using a randomized
complete block design. A total of2, 151 bovine oocytes was used. Each of seven
replications consisted of oocytes from the same collection of abanoir ovaries. Treatments
consisted of ammonia added to the culture media at the same concentrations as in
Experiment I.

3.3 Experiment 3
Effects of ammonia concentration during IVM, IVF, and IVC were compared in terms
of oocyte cleavage, ova degeneration rate, and morula and blastocyst production, using a
randomized complete block design. A total of 2, I 09 bovine oocytes was used. Each of
seven replications consisted of oocytes from the same collection of abattoir ovaries.
Treatments consisted of ammonia added to the maturation, fertilization , and culture media
at the same concentrations as in Experiments I .

3. 4. Statistical analysis
Data from Experiments I , 2, and 3 were angularly transformed and analyzed by the use
of a general linear model (GLM) ANOV A. Fisher's least significant difference (LS D) at
5% significant level (P < 0.05) was used to test the differences between treatments. The
NCSS (Number Cruncher Statistical System) Version 6.0 computer software package
(Hintze, 1987) was used for all statistical analyses.
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4. Results
Exposure of ova to moderate concentrations of ammonia durin g IVF increased
blastocyst deve lopment rate (Table 3-1), while continuous exposure of embryos to
moderate to high concentrations of ammonia during IY C increased the percentage of
degenerate ova and decreased blastocyst de ve lopment rate (Table 3-2). Exposure of ova to
ammonia throughout IYM , IVF, and IVC tended to decrease cleavage rate at 48 h and
increased deve lopment rate to morulae at moderate concentrations (Table 3-3).
In Experiment I, analysis of embryo development revealed no differences (P > 0.05)
between treatments in cleavages rates, proportion of degenerate ova, or proportion of ova
that developed to morula when oocytes were exposed to various concentrations of
ammonia during IVF only. However, the addition of moderate concentrations of ammonia
during IYF significantly (P < 0.05) increased embryo development to blastocyst and
development to expanding and hatching blastocyst at Day 8 and Day I 0, respectively,
compared to the control group (Table 3- 1).
In Experiment 2, there were no differences (P > 0.05) between treatments in cleavages
rates or proportion of ova that developed to morula when ova were exposed to various
concentrations of ammonia during JYC only. However, analysis of embryo development
at Day 6 revealed that the addition of high concentration of ammonia in the culture
medium (A3,A5) significantly (P < 0.05) increased the proportion of degenerate ova.
Analysis of embryo development at Day 8 further revealed that the proportion of ova that
developed to blastocysts was significantly (P < 0.05) decreased with the addition of
moderate to high concentrations of ammonia to the media (A2-A5) compared to that in
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media containing low ammonia concentrations (A I) and the contro l group (AO). Anal ysi s
of embryo development at Day I 0 revealed that the proportion of ova that developed to
expanded and hatching blastocysts was significantly (P < 0.05) decreased with the addition
of ammonia to the medium (A l -AS) compared to that in media containing no added
ammonia (Table 3-2).
In Experiment 3, where ova were exposed to media containing ammonia throughout
IVM , IVF, and JVC , analysis of embryo development at 48 h showed that cleavage rates
tended (P ; 0.06) to be higher for control groups than for groups cultured in media
containing ammonia (A2-A5). Analysis of embryo development at Day 6 showed that the
proportion of ova developing to morula was significantl y (P < 0.05) higher in media
containing moderate concentrations of ammonia (A2, A3) than that in the control gro ups.
There were no significant (P > 0.05) differences between treatments in proportion of
degenerate ova or proportion of ova that developed to blastocysts and expanded and
hatching blastocysts (Table 3-3).

5. Discussion
The results of the present ex periments indicate that the effect of ammonia on
development of preimplantation bovine embryos depends on the concentration of
ammonia and the stage of development when exposure to ammonia occurs. In recent
years, research has suggested that ammonia is detrimental to murine embryo development
(Gardner and Lane, 1993 ; Lane and Gardner, 1994; Lane and Gardner, 1995). It was
reported that the viability of in vivo produced ovine embryos decreased when exposed to
elevated utero-oviductal ammonia concentrations (McEvoy et al., 1997). However, the
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results presented in Table 3-1 indicate that exposure of oocytes to low or moderate
concentrations of ammonia during the in vitro fertilization process actually promotes the
development of blastocysts, including expanded and hatching blastocysts. Furthermore,
the results of Experiment I indicate that exposure of ova to moderate concentrations of
ammonia for relatively bri ef periods, as during IVF , positively affects subsequent
development of bovine embryos as shown by increased blastocyst production. These data
appear to be in agreement with those of McEvoy eta!. ( 1997) who reported that Day 3 in
vivo produced embryos collected from ewes fed high urea diets that had elevated uterooviductal ammonia concentrations resulted in increased embryo metabolism and
development.
On the other hand , as shown by results presented in Table 3-2, continuous exposure of
preimplantation bovine embryos to ammonia during IVC has a detrimental effect on
blastocyst and expanded and hatching blastocyst development. Furthermore, the results
presented in Table 3-2 indicate that the effect of ammonia during IVC on preimplantation
bovine embryo development is concentration related, as evident by the increased
degenerate ova rate and decreased blastocyst and expanded and hatching blastocyst rates at
higher concentrations of ammonia. Some authors have suggested that elevated ammonia
concentrations in the reproductive fluids may lead to gamete or embryo toxicity and
decreased reproductive efficiency in dairy cows fed excess dietary protein (Ferguson eta!. ,
1988 ; Staples eta!. , 1993 ; Visek, 1984). These data support the hypothesis that ammonia
may play a role in decreased reproductive efficiency in dairy cows fed excess dietary
protein. These data also support those previously reported by Gardner and Lane (1993)
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who found that murine embryo deve lopment to morula and blastocyst was inhibited by
culture in media co ntaining ammonia at concentrations of 38 11M to 5 mM .
That the effect of ammonia on development of preimplantation bovine embryos
depends the stage of development when exposure to ammonia occurs is further shown by
the results presented in Table 3-3. Continuous exposure of bovine ova to moderate
concentrations of ammonia throughout lVM , lVF, and lVC has a positive effect on morula
development rate at Day 6. However, continuous exposure of bovine ova to ammonia
during the early stages of development may have a detrimental effect on cleavage rates.
The positive effect of moderate concentrations of ammonia on development to morula and
the lack of increased development to blastocyst stage in media containing the same
concentrations of ammonia may indicate that exposure of bovine embryos to ammonia
beyond Day 6 is detrimental to embryo development. Conversely, it may indicate that
embryos exposed to moderate concentrations of ammonia increases development rates up
to Day 6, but embryo viabi lity is decreased beyond that stage of development. Indeed, the
results of McEvoy et al. (1997) indicated that Day 3 in vivo produced embryos collected
from ewes with elevated utero-oviductal ammonia concentrations that were fed high urea
diets had increased metabolism and development, but lower pregnancy rates following
transfer of embryos compared to embryos derived from ewes with lower utero-oviductal
ammonia concentrations that were fed low urea diets. Taken together, these data suggest
that embryos exposed to ammonia during early development may not be viable, despite
having increased metabolism and development (McEvoy et al. , 1997).
In conclusion, the results of the present study support the hypothesis that exposure of
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preimplantation bovine embryos to ammonia may inhibit development and indicate that
ammonia may have either positive or negative effects on bovine preimplantation em bryo
development depending on the concentration of ammonia, the duration of exposure, or the
stage of development when exposed to ammonia.
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Tab le 3-1
Development of bovine embryos treated with ammonia' during in vitro fertilization
Nu mber and percen tage (o/o)•u of cleaved ova that devdoo to:

Cleavage rat e at 48 h ••

Morulae at
Day 6

Expanded and hatching at

Oocytes matured

Degenerate ova
Day6** ..

Blastocysts at

Treatment•

Day 8

Day 10

AD (CTRL)
AI
A2
A3
A4
A5

300
297
288
287
309
308

257(85 .7)
249(83.8)
237(82.3)
240(83.6)
258(83.5)
255(82.8)

62(24. 1)
67(26.9)
61(2 5.7)
64(26.7)
62(24.0)
83(32.5)

92(35.8)
97(39.0)
104(4 3.9)
83(34.6)
79(30.6)
92(38.4)

35( 13.6)'
52(20.9)'
56(23 .6)'
26( 10.8)'
3 1( 12.0)''
36( 14 . 1)"

26( 10. 1)'
40( 16.1)'
40(16.9)'
16 (6.7)'
20 (7.8)''
26( 10.2)''

The in vitro fertilization process was execu ted in medium con taining various concentrations ofN II ~CL.
• AO = 0 ~M , A I = 29 ~M . A2 = 88 ~M. A) = 132 ~M . A4 = 176 ~M, and A5 = 356 ~M

1

•• 0 h = the

tilllL"

when the in vitro matured oocytcs were added

10

Fert·TALP con taining spermatozoa.

••• The percentage of each treatment in thi s tabk represents seven replications.
••• • Day 0 "" in vitro fertilization .
Different supersc ripts within co lumns indicate s ignifican t (P < 0.05) differences.

Tabl e 3-2
Deve lopment of bovine embryos treated with ammo nia' during in vitro culture
Number and percentage (%) • • • of cleaved ova that deve lop to:

Oocytes matured

Cleavage rate at 48 h ••

Degenerate ova
Day 6••u

Morulae at
Day 6

Blastocysts at
Day 8

Expanded and hatching at

Treat men t•

AO (CTRL)
AI
A2
A3

365
3 18
365
369
365
380

3 11 (85.2)
282(88.7)
320(87 .7)
324(87 .8)
333(91.2)
342(90.0)

104(33.4)'
9 1(32.3)'
11 9(37.2)'
143(44. 1)"
125(36.9)'
162(47.4)"

95(30 .5)
92(32 .6)
93(29. 1)
82(25.3)
93(27.9)
80(234)

47( 15. 1)'
37( I 3.1)'
27 (8.4)"
29 (8.9)"
2 1 (6.3)"
22 (6.4)"

36( 11.6)'
23 (8 2)"
17 (5.3) ~
22 (6 . 8) ~
16 (4 .8)'
16 (4 .7)'

A4

A5

Day 10

1

The in vitro culture process was ext:cuted in medium containing various concentrations ofNH 4CL.
• AO = 0 ~M , A I = 29 ~M. A2 = 88 ~M , A3 = 132 ~M , A4 = 176 ~M. and A5 = 356 ~M
.. 0 h = the time when the in vitro matured oocytes were added to Fert-TALP containing spe rmato.toa .
• • • The percentage of each treatment in thi s table represents seven rep lications.
,..,., Day 0 = in vit ro fert ili zation .
Di!Terent su perscripts wi thin column s indicate sign ifican t (P < 0.05) differences.

c

00

Table 3-3
Development of bovine embryos treated with ammonia 1 during in vitro maturatio n, ferti li zatio n, and cu lture
Number and percentage

Degenerate ova

(% ) .. •

Treatment•

Oocytcs matured

Cleavage rate at 48 h • •

Oay6•u•

Morulae at
Day 6

AO (CTRL)
AI
A2
A3
A4
AS

34S
368
3S7
349
329
36 1

3 19(92.5)
335(91.0)
306(85 .7)
300(86.0)
289(87 .8)
3 \3(86. 7)

88(27 6)
85(25.4)
84(27.S)
98(32.7)
8S(29.4 )
94(30.0)

11 7(36.7)'
130(38 .8)"
13S(44 . 1)"
100(33 .3)"'
9S(32.9)"
111 (3S .S)"

1

of cleaved ova that dt;vc:l op to ·

l)lastocysts at
Day 8

Expanded and hatchmg at

50( 15.7)
59( 17.6)
43( 14.1)
33( 11.0)
26 (9.0)
37( 11.8)

36( 11.3)
S1( 15.2)
37( 12. 1)
30( 10.0)
22 (7.6)
32( 10.2)

Day 10

The in vitro maturation, fro:rti li zation , and culturc processes were executed in media containmg variou ~ concentration s of N H 4 CL.

• AO : 0

~M .

A I : 29

~M .

A2 : 88

~M .

A3 : I 32

~M .

A4 : 176 ~M . and AS: 3S6

~M

•• 0 h = the time when the in vitro matured oocytes were added to Fert·TALP containing spermatoL.oa

' '' The percentage of each treatment in this table represents seven replications.
•• • • Day 0 = in vitro fertilization .
Different superscripts within columns ind icate significant (P < 0.05) differences.
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CHAPTER4
ASSOCIATION BETWEEN PLASMA UREA NITROGEN LEVELS AND
REPRODUCTIVE FLUID AMMONIA CONCENTRATIONS IN
EARLY LACTATION DAIRY COWS

Abstract
The objectives of the present study were to relate concentrations of plasma urea
nitrogen (PUN) with follicular (Experiment 1) and uterine (Experiment 2) fluid ammonia
and urea concentrations in early lactation dairy cows. Blood and reproductive fluid
samples were collected 4 h after the morning ration was fed. PUN concentrations were
determined in all blood samples and ammonia and urea nitrogen concentrations were
measured for all follicular fluid and uterine fluid samples. Mean PUN concentrations were
used to distribute the cows into two groups : (I) cows with

PUN ~

20 mg/dl (High PUN ,

HPUN), and (2) cows with PUN < 20 mg/dl (Low PUN, LPUN). For Experiment 1, blood
samples and follicular fluid s from preovulatory follicles of 38 early lactation dairy cows
were collected on the day of estrus (Day 0). Follicular fluid ammonia (FFA)
concentrations were significantly (P < 0.0 I) higher in HPUN cows compared to those in
LPUN cows. Follicular fluid urea (FUN) concentrations were significantly (P < 0.001)
higher in HPUN cows compared to those in LPUN cows. PUN concentrations and FUN

'Coauthored by D.S. Hammon, G.R. Holyoak, and S. Wang
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concentrations were highly correlated (r = 0.93) within cows. For Experiment 2, blood
samples and uterine fluids were collected from 30 cows on Day 0 and again on Day 7 of
the estrous cycle. Uterine fluid ammonia (UFA) concentration was significantly (P

=

0.05) higher in HPUN cows than in LPUN cows on Day 7 of the estrous cycle, but not on
Day 0. Uterine fluid urea nitrogen (UUN) concentrations were significantly (P < 0.00 I)
higher in HPUN cows than in LPUN cows on Day 0 and Day 7. There was a significant (P
< 0.0 I) correlation (r = 0.41) between PUN and UUN within cows. The results of the

present study indicate that the elevated ammonia and urea concentrations in the
preovulatory follicular fluid on the day of estrus and in the uterine fluid during the luteal
phase of the estrous cycle in early lactation dairy cows are associated with high PUN
concentrations.

1. Introduction

Excess dietary protein intake in high-production, early lactation dairy cows has been
associated with decreased reproductive efficiency (Bruckental et al., 1989; Butler et al.,
1996; Canfield et al., 1990; Elrod and Butler, 1993; Ferguson et al., 1988; Jordan and
Swanson, 1979; Jordan et al., 1983; Larson et al., 1997; Sklan and Tinsky, 1993).
Ferguson and Chalupa ( 1989) reported that excess consumption of rumen degraded protein
(RDP) negatively affected conception rates in early lactation dairy cows. Bruckental et al.
(I 989) reported that pregnancy rates decreased in primiparous cows and cows in their

fourth or later lactations that were fed high RDP diets.
Consumption of high RDP diets by dairy cows is associated with elevated plasma
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urea nitrogen (PUN) concentrations (Abdul- Wahid et al. , 1984; Blauweikel et al., 1986;
Claypool et al. , 1980; Ferguson et al. , 1993 ; Jordan et al. , 1983 ; Rose ler et al.. 1993).
Ele vated PUN and milk urea nitrogen (MUN) concentrations are associated with decreased
reproductive efficiency in dairy cows (Butler et al. , 1996; Ferguson et al. , 1993; Larson et
al. , 1997). Ferguson et al. (1993) showed that lactating dairy cows with PUN
concentrations< I 0 mg/dl were 2. 7 times more likely to conceive at first service compared
to cows with PUN concentrations > 25 mg/dl and that cows with PUN concentrations of
10 to 14.9 mg/dl had significantly hi gher first- service conception rates compared to cows
with PUN concentrations > 25 mg/dl. This finding was supported by Butler et al. (1996)
who found that cows with PUN

~

19 mg/dl had significantly higher pregnancy rates than

cows with PUN > 19 mg/dl in two separate experiments. Furthermore, analysis of
conception rates shows that there is a likelihood ratio of 0.82 for cows with PUN
concentration > 20 mg/dl and 1.04 for cows with PUN concentrations < 20 mg/dl,
suggesting that low PUN is favorable for conception (Ferguson et al. , 1993). Supporting
earlier findings by Ferguson et al. ( 1993) and Butler et al. (1995), Larson et al. (1997)
found that MUN was negatively associated with pregnancy rate in early lactation dairy
cows.
The mechanisms involved in reproductive inefficiency in dairy cows with elevated
PUN are unknown but ammonia in reproductive fluids , due to degradation of protein or
non-protein nitrogen in the diet, has been suggested to be involved (Visek, 1984).
Ammonia, which is thought to be toxic to bovine gametes and/or embryos, has been
implicated in reproductive inefficiency in lactating dairy cows (Ferguson et al., 1988 ;
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Staples et al. , 1993; Visek, 1984). However, the assoc iation between PUN levels and
ammonia concentrations in the reproductive fluids of early lactation dairy cows has not
been determined . The objectives of the present study were to investigation the relationship
of PUN concentrations with ammonia and urea nitrogen concentrations in follicular fluid
of preovulatory follicles (Exp I) and uterine fluids (Exp 2) in early lactation dairy cows.

2. Materials and methods
2. 1. Experimenl I

This experiment was designed to interrelate PUN with follicular fluid ammonia and
urea nitrogen concentrations. Thirty-eight multiparous, early lactation, registered Holstein
dairy cows from a herd with a rolling herd average milk production of 10,032 kg of
milklyr per cow were used. All cows were housed in tie stalls at the Caine Dairy Research
and Teaching Center, Department of Animal Dairy and Veterinary Sciences, Utah State
University (Logan, UT). Cows were fed total mixed diets that were based on alfalfa hay,
alfalfa si lage, and corn silage (50% forage and 50% concentrate) and formulated to
provide at least 158 Meal/kg NE 1 and 20.0% crude protein. Cows were assigned to the
study beginning at 50 days postpartum. On the day of estrus (first estrus after 50 days
postpartum), blood and follicular fluid samples were collected from each cow 4 h after the
morning ration was offered. Blood samples were collected from the coccygeal vein into
evacuated tubes containing heparin and centrifuged at I ,200 x g for 15 min. Plasma
aliquots were frozen at -80 °C until analysis for PUN concentration. Follicular fluid
samples were collected from preovulatory follicles using ultrasound guided follicular
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aspiration. Folli cular fluid samp les were placed on ice and centrifuged at I ,200 x g for 15
min. Immediately following centrifugation, an aliquot of fo llicular fluid was acidified I : I
(v:v) with IN HCL and thoroughly mixed. The deproteinized follicular fluid was frozen at
-80 °C until anal ysis for follicular fluid ammonia (FFA) concentration. A second aliquot
of non-acidified follicular fluid was frozen at -80 °C until analysis for follicular fluid urea
(FUN) concentration. PUN concentrations and FUN were determined using an automated
(Synchron CX5 Systems, Beckman Instruments, Inc., Bria, CA. , USA) urease/ GLDH
reduction method (Beckman No. 442-750, Beckman Instruments, Inc. , Bria, CA., USA).
FF A concentrations were determined using an automated (Synchron CX5 Systems,
Beckman Instruments, Inc.), glutamate dehydrogenase (GLDH) reduction method (Sigma
No. 171-UV, Sigma Diagnostics, St. Louis, MO, USA) . Animals were sorted according
to mean PUN concentrations into two groups: (I) cows with

PUN ~

20 mg/dl (Hi gh PUN,

HPUN) and (2) cows with PUN < 20 mg/dl (Low PUN, LPUN). The classification was
based on the experimental data reported by Ferguson et al. ( 1993) and Butler et al. ( 1996).
The FUN and FF A concentrations were compared between HPUN and LPUN groups,
respectively. The association of FUN and FFA with PUN within animals was exam ined.

2. 2. Experiment 2

This experiment was designed to interrelate PUN with uterine fluid ammonia (UFA)
and urea nitrogen (UUN) concentrations. Thirty cows (n = 30) under the same conditions
of management as Experiment I were used. Blood and uterine fluid samples were
collected from each cow four hours after the morning ration was offered on Day 0 (first
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estrus after 50 days postpartum) and aga in on Day 7 (luteal phase) of the estrous cycle.
Blood samples were collected as in Experiment I. Uterine fluids were co ll ected by
inserting a sterile, stainless stee l uterine pipette wi th stylet (Cook No. V-SANB-1 240MVPOSOS , Cook Veterinary Products, Eight Mile Plains, Queensland, Australia) into the
body of the uterus. After inserti on of the pipette into the uterus, the stylet was removed
and a Teflon catheter with perforated tip (Cook Product No. V-NT8.0-CE-75 -p- IOS-OMVP0505 , Cook Veterinary Products) was inserted through lumen of the pipetted and
placed into the base of the uterine hom. Uterine fluid s were aspirated from the uterine hom
by connecting the Teflon catheter to a vacuum tubing line and applying vacuum pressure
(40.0 kPa) for 5 min using a commercial vacuum aspiration system (Cook Product No. VMAR-5000-KPA, Cook Veterinary Products). This technique allowed collection of
uterine fluid s without contamination by cerv ical mucus. The uterine fluid s were collected
into a heparinized glass tube connected to the vac uum tubing. Following collection, the
uterine fluid s were placed on ice and centrifuged at I ,200 x g for 15 min. Immediately
following centrifugation, an aliquot of uterine fluid was acidified I : I (v:v) with IN HCL
and thoroughly mixed. The deproteinized uterine fluid was frozen at -80 °C until analysis
fo r ammonia concentration. A second ali quot of non-acidified uterine fluid was frozen at 80 °C until analysis for urea concentration. PUN, UFA, and UUN concentrations for
uterine fluids were measured using the methods described in Experiment I . Animals
were divided into HPUN and LPUN groups based on the PUN level s as in Experiment I.
The UFA and the UUN between groups during estrus phase and during luteal phase were
compared, respectively.
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3. Statistical Analysis

The significance of differences of the reproductive fluids (FUN , FF A, UUN, and
UFA) concentrations between HPUN and LP UN groups were determined by group
compari son t-tests. The correlation between FUN and UUN concentration, and PUN ,
within animals was examined by simple corre lation analysis . The NCSS (Number
Cruncher Statistical Systems, Kaysville, UT) Version 6.0 computer software package
(Hintze, 1998) was used fo r all statistical analyses.

4. Results

In Experiment I, the mean PUN concentration for cows (n = 38) was 20.2 ± .4 mg/dl
on the day of estrus. Cows with hi gh PUN

( ~ 20

mg/dl) concentrations had sign ificantly (P

< 0.0 I) higher FF A concentrations than those with low PUN (< 20 mg/dl) concentrations.
The mean FFA concentrations were 339.0 ± 72.2
~M

~M

for HPUN cows and 93.9 ± 13.1

for LPUN cows (Fig 4-1 ). FUN concentrations were significantly (P < 0.00 I) higher

in HP UN cows compared to LPUN cows. There was also a significant (P < 0.00 I)
correlation between PUN and FUN concentrations within the same cow (r = .93 , Fig. 4-2).
In Experiment 2, the mean PUN, UUN, and UFA concentrations did not change
significantly (P > 0.05) for cows on Day 0 compared to those on Day 7 of the estrus cycle
( 19.6 ± .3 mg/dl). There were no differences (P = 0.38) in UF A concentrations between
HPUN (1141 ± 321

~M)

and LPUN cows ( 1025 ± 210

~M)

on Day 0 (Fig. 4-3).

However, HPUN cows had a significantly (P = 0.05) higher UFA concentration (1562
± 202) than LPUN cows ( 1082

~M

~M

± 202) on Day 7 of the estrous cycle (Fig. 4-3). As
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for uterine fluid urea nitrogen (UUN) concentrations, there was a significant (P < 0.00 1)
diffe rence in UUN concentrations between HP UN cows, which were 23.8 ± 1.0 mg/d l, and
LPUN cows, which were 20.3 ± 0.6 mg/dl on the day of estrus. On Day 7 of the estrus
cycle, the difference in UUN concentrations was also significant (P < 0.001) between
HPUN cows (23.6 ± 0.9 mg/dl) and LP UN cows ( 19.6 ± 0.7 mg/dl). It was al so observed
that uterine fluid urea nitrogen UUN concentrations were significantly (P < 0.001) higher
than PUN concentrations within the same cow.

5. Discuss ion
The results of the present experiments indicate that PUN concentrations greater than
20 mg/dl are associated with elevated concentrations of ammonia and urea in the
reproductive fluids during specifi c stages of the estrous cycle in early lactat ion dairy cows.
Hi gh concentrations of PUN and MUN, as a result of high dietary protein or high RDP
intake, have been associated with poor reproductive performance in early lactation dairy
cows (Butler eta!. , 1996; Ferguson et al. , l 993; Larson eta!. , 1997). It has been suggested
that degradation of protein in the rumen may lead to elevated ammonia concentrations in
the reproductive fluids of cows with elevated PUN concentrations, resulting in gamete or
embryo toxicity and decreased reproductive efficiency (Ferguson eta!. , 1988 ; Staples et
a!., 1993; Visek, 1984)
Ammonia concentrations were elevated in the follicular fluid of preovulatory fo llicles
fro m cows with PUN concentrations greater than 20 mg/dl on the day of estrus (Fig. 4-1 ),
indicating that elevated ammonia concentrations in reproductive fluid s may be a factor
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affecting embryo development and resulting in decreased reproducti ve e fficiency in early
lactation dairy cows. A recent study in sheep by McEvoy et al. (1997) indicated that
embryos collected from ewes with elevated utero-oviductal ammonia concentrations had
lower pregnancy rates compared to embryos derived from ewes with lower utero-oviductal
ammonia concentrations. Furthermore, by the use of the technique of in vitro embryo
production, Hammon eta!. ( 1997) recently showed that exposure of bovine embryos to
ammonia concentrations greater than 88 >tM resulted in decreased development to the
blastostocyst stage. These studies support earlier findings by Gardner and Lane (1993)
who showed that ammonia at moderate concentrations (75 1-lM) significantl y reduced
blastocyst cell numbers in in vitro fertili zed (IVF) mouse embryos.
Elevated UUN concentrations in HPUN cows found in Experiment 2 are consistent
with findings in previous studies in ewes (Duby et al. , 1984) and lactating dairy cows
(Jordan et al. , 1983). In their experiments (Jordan et al. , 1983), the PUN concentration
was elevated in the cows fed high protein diets. The elevated PUN was found to be
associated with the elevation of UUN concentration, which did not change with stage of
the estrous cycle.
High PUN concentrations were associated with elevated uterine fluid ammonia
concentrations on Day 7 of the estrous cycle, but not on Day 0 (Fig. 4-3), which may be
related to changes in the physiological environments in the uterus during the estrous cycle.
Elrod and Butler (1993) reported that uterine pH was significantly lower on Day 7 of the
estrous cycle in early lactation dairy cows fed excess RDP, with elevated PUN (pH;6.85),
than in cows fed normal levels ofRDP , with lower PUN (pH;7.13). They also reported
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that the alteration of pH in response to high RDP consumption was unique to the uterus.
As ionization of ammonia is pH dependent, a difference in pH between two fluid
compartments may create an ammonia gradient by trapping ionized ammonia (NH/ )
within the fluid compartment (i.e., uterine fluid) with the lower pH (Visek, 1984;
Martinelle and Haggstrom, 1993). The difference in pH between blood (7.39) and uterine
fluid (6.85) in cows with elevated PUN concentrations could contribute to accumulation of
ammonia in the uterine environment during the luteal phase of the estrous cycle.
The elevated UFA concentration in the HPUN cows on Day 7 of the estrus cycle (Fig.
4-3) may also be related with the decreased reproductive efficiency in dairy cows as
reported by Butler et a!. (1996), Ferguson et a!. (1993 ), and Larson et a!. (1997).
According to the timing of bovine embryo development, Day 7 embryos are developing
the blastocoel, which is a critical and energetically expensive stage of development
(Gardner, 1998). Gardner and Lane (1993) suggested that ammonia may adversely affect
the developing embryo by decreasing the concentration of a-ketoglutarate by converting it
to glutamate, thereby reducing the flux through the TCA cycle and depleting ATP in the
cell. Therefore, high ammonia in the uterine environment at Day 7 may reduce the
availability of ATP for embryonic cells during a stage of development when energy
demands by the embryo are high. This possibility was substantiated by the experimental
data from in vitro culture of bovine embryos in which the development of bovine embryos
to blastocyst, especially to expanded and hatched blastocyst stages, was significantly
retarded by exposure to high ammonia concentrations (Hammon eta!., 1997).
In conclusion, high PUN concentrations in early lactation dairy cows are associated
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with elevated ammonia and urea nitrogen concentrations in the follicular nuid of
preovu latory follicles. as we ll as in the uterine nuids during the luteal phase of the estrous
cycle. Fu rther work is needed to determine the effects of elevated ammonia and urea
concentrations in the reproductive nuids on reproductive efficiency in early lactation dairy
cows. However, the results of thi s study and the results of previous studies concerning the
effects of ammonia on early embryo development (Gardner and Lane, 1993 ; Hammon et
al. , 1997; McEvoy et al. , 1997) suggest that elevated ammonia concentrations in the
reproductive nuids may play a role in decreased reproductive efficiency in early lactation
dairy cows with high PUN concentrations.
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Bottom) in the preovulatory follicular fluid of cows with PUN concentrations greater than
20 mg/dl (High PUN) and less than 20 mg/dl (Low PUN) on the day of estrus.
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CHAPTERS
SUMMARY AND CONCLUSIONS

The data presented in Chapter 2 indicate that concentrations of ammonia in bovine
follicular fluid change with growth of the follicle, fro m high concentrations in small
fo llicles( < I mm) to low concentrations in larger follicles(> I 0 mm), ind icating a dynamic
pattern in developing fo llicles. The mechanisms responsible for elevated ammonia
concentrations in the follicular fluid of small follicles are unknown . However, hi gh
concentrations of ammonia in small follicles may be a by-product of high metabolic
activity during earl y follicular deve lopment, which is characterized by rapid expansion of
granulosa cells, increased oocyte mass, and increased follicular fluid protein content. In
addition to increased metabolism, follicular potassium concentrations arc elevated during
early follicular development, which may decrease ammonia uptake by granulosa cell s.
Active intracellular transport of ammonium ions occurs via transport proteins like the Na/ K• -A TPase and the Na' K- 2CJ· -co transporter. High potassium concentrations in early
follicles may result in inhibition of intracellular ammonium ion transport due to
competitive binding of potassium to the transport protiens, resulting in elevated ammonia
concentrations in early antral follicles. The lower concentrations of ammonia in larger
follicles may be a result of dilution by the rapid accumulation of fluid in the antrum during
later stages of follicular development.
The data in Chapter 2 further indicate that immature oocytes and follicular ce lls
develop in a microenvironment that contains concentrations of ammonia hi gher than those
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in the microenvironments of most somatic cell s. It is apparent from these data that in vitro
oocyte maturation and subsequent embryo de velopment are not affected by addition of
moderate concentrations of ammonia during IVM. These results agree with the
observation that bovine oocytes develop in a microenvironment containing high
concentrations of ammonia, and can tolerate ammonia during early maturation and
devel opment in vi vo.
The data presented in Chapter 3 indicate that exposure of oocytes to low or moderate
concentrations of ammonia during the in vitro fertilization process actually promotes the
development ofblastocysts, including expanded and hatching blastocysts. As the IYF
period lasts only 17 h, it is possible that relatively brief periods of exposure to ammonia
are a more important factor in subsequent development of bovine embryos than the stage
of development when exposure occurs. On the other hand, prolonged, continuous
exposure ofpreimplantation bovine embryos to ammonia during

rvc

increases the

portion of degenerate ova and has a detrimental effect on blastocyst and expanded and
hatching blastocyst development. Furthermore, the data presented in Chapter 3 indicate
that the effect of ammonia during IVC on preimplantation bovine embryo development is
concentration related, as evident by the increased degenerate ova rate and decreased
blastocyst, and expanded and hatching blastocyst rates at higher concentrations of
ammonia. These data are in agreement with those previously reported in mice where
moderate to high concentrations of ammonia during IYC were reported to be detrimental
to embryo development, and in sheep where the viability of in vivo produced ovine
embryos decreased when exposed to elevated utero-oviductal ammonia concentrations
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during earl y development. It appears. there fore. that the effect of ammonia on
development of preimplantation bovine embryos depends on the concentrati on of
ammonia, the duriation of exposure to ammonia, and/or the stage of development when
ex posure to ammonia occurs.
Finally, the data presented in Chapter 4 indicate that high PUN concentrati ons are
associated with elevated ammonia and urea nitrogen concentrations in the follicular fluid
of preovulatory fo llicles and in the uterine fluid s during the lutea l phase of the estrous
cycle in early lactation dairy cows. The data presented herein suggest that the
concentrations of ammonia found in the fo llicular fluid of cows with high PUN
concentrations may either increase or decrease bovine embryo development in vi tro,
depending on the duration of exposure and the stage of embryo development in which
exposure occ urs.
High concentrations of PUN and MUN, as a result of high dietary protein or high
RDP intake, have been associated wi th poor reproductive performance in early lactation
dairy cows. It has been suggested that degradation of protein in the rumen may lead to
elevated ammonia concentrations in the reproductive fluids of cows with elevated PUN
concentrations, resulting in gamete or embryo toxicity and decreased reproductive
efficiency. The present data indicate that exposure of pre implantation bovine embryos to
ammonia may inhibit embryo development. Furthermore, these data indicate that high
PUN concentrations in early lactation dairy cows are associated with elevated ammonia
and urea nitrogen concentrations in the follicular fluid of preovulatory follicles and in the
uterine fluids during the luteal phase of the estrous cycle in early lactation dairy cows.
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Taken together, the data presented here in support the hypothesis that elevated ammonia
concentrations in the reproductive flui ds may contribute to reproductive inefficiency in
early lactation dairy cows with elevated PUN concentrations.
The results of the studies presented herein provide additional support for the use of
PUN or MUN monitoring during the breeding period in lactating dairy cows. The current
recommendations in the dairy industry of maintaining PUN or MUN concentrat ions
between 14 to 16 mg/dl seems appropriate, based on these and previous studies.
Furthermore, the results of the studies presented here provide evidence that ammonia is
involved in reproductive inefficiency in early lactation dairy cows wi th elevated PUN
concentrati ons as a result of excess RDP consumption. This illustrates the need to feed
diets that contain optimum concentrations ofRDP, RUP, and adequate concentrations of
energy to maximize nitrogen utili zation in the rumen, thereby minimi zing escape of
rumina! ammonia and preventing elevations in PUN concentrations during the breeding
period in lactating dairy cows.
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